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PREFACE

The Highway Drainage Design Manual, Hydrology, is intended to provide guidance for the

performance of flood hydrology for Arizona Department of Transportation (ADOT) drainage

design. Two analytic methods are presented, herein, to determine design discharges, and

those two methods are to be used mainly for ungaged watersheds. The two analytic

methods are; (1) the Rational Method that can be used for uniform drainage areas that are

not larger than 160 acres in size, and (2) rainfall-runoff modeling for any size drainage area.

The rainfall-runoff modeling guidance is structured to be compatible with the HEC-1 Flood

Hydrology program by the U.S. Army Corps of Engineers. For rainfall-runoff modeling, this

manual should be used in conjunction with the HEC-1 Users Manual, and the contents of this

manual assumes a familiarity and basic understanding of the HEC-1 program and modeling

procedures.

A flood frequency analysis procedure is provided for computing flood magnitude-frequency

relations where systematic stream gaging records of sufficient length are available. The flood

frequency analysis procedure can be used, where appropriate, to (1) estimate the design

flood peak discharge, (2) provide estimates of flood peak discharges for the calibration or

verification of rainfall-runoff models, (3) provide regional estimates of flood magnitudes that

can be used to check or substantiate other methods to estimate flood magnitudes or to

develop regional flood discharge relations, or (4) perform other hydrologic studies, such as

the investigation of flood magnitudes from snowmelt to be used as baseflowto a watershed

rainfall-runoff model.

Three indirect methods are presented for estimating flood peak discharges. Results by either

analytic methods or flood frequency analysis should always be compared and evaluated by

indirect methods. There may be cases where the flood discharges by all three methods

(analytic, flood frequency analysis, and indirect) can be obtained and compared prior to

making a selection of design discharge.



This manual was prepared for use by engineers and/or hydrologists that are trained and

experienced in the fundamentals of hydrology in general, and flood hydrology in particular.

Other users should work under the direct supervision and guidance of appropriately qualified

personnel.

The information in the manual is presented in the following Sections and Chapters:

I - RAINFALL

Chapter 1 - Rainfaii Procedures and instructions are provided to prepare rainfall input to

the HEC-1 program, and to generate intensity-duration-frequency curves for use with the

Rational Method.

li -

Chapter 2 - Rational Method Procedures and instructions are provided for using the

Rational Method. This includes two general intensity-duration-frequency curves, a time of

concentration equation, and graphs for the selection of the runoff coefficient.

SECTION Hi - RAINFALL-RUNOFF MODELING

Chapter 3 - Rainfall Losses The method to be used to estimate rainfall losses by the

Green and Ampt equation is presented.

Chapter 4 - Unit Hvdroqraphs The Clark unit hydrograph is recommended and procedures

to calculate the unit hydrograph parameters are presented.

Chapter 5 - Channel Routing Recommendations and instructions for channel routing are

presented.



Chapter 6 - Storage Routing Recommendations and instructions for storage routing are

presented.

Chapter 7 - Transmission A discussion of channe! transmission iosses and

guidance on when to incorporate transmission losses into a rainfall-runoff model are

presented.

8 - Technique and lor Using HEC-1 Applicability,

assumptions and limitations of the HEC-1 program, general guidance for watershed

modeling, and a modeless/reviewer's checklist are provided.

SECTION IV - FLOOD FREQUENCY ANALYSIS

Chapter § - Rood Frequency Analysis Procedures and instructions are provided, along

with worksheets and graph paper, for performing graphical flood frequency analyses. A

procedure for placing confidence limits about the flood frequency line is provided.

SECTION ¥ • INDIRECT METHODS FOR DISCHARGE VERIFICATION

Chapter 10 - Indirect Methods for Discharge Verification Three methods are presented

for checking and "verifying" peak discharges that are obtained by the analytic methods

(Rational Method and rainfall-runoff modeling), and by flood frequency analysis.

HI
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CHAPTER 1

RAINFALL

1.1 INTRODUCTION

1.1.1 General Discussion

Analytic methods (Rational Method and rainfall-runoff modeling using the HEC-1

program) require the definition of the rainfall for the desired flood frequency. For the

Rational Method, a rainfall intensity-duration-frequency (i-D-F) graph is required.

Generalized l-D-F graphs for 2 zones in Arizona are provided for the Rational Method

(Chapter 2). There may be situations when a site-specific l-D-F graph is to be used

with the Rational Method, and a procedure for developing a site-specific l-D-F graph

for any location in Arizona is presented in this section.

For rainfall-runoff modeling (HEC-1 program), the temporal and spatial distribution of

the design rainfall must be provided. For highway drainage studies in Arizona, a

symmetric nesting of rainfall depths for specified intra-storm durations is used. That

rainfall distribution is called the hypothetical distribution, and when using the HEC-1

program, input is provided in the PH record. The point rainfall depth-duration-

frequency (D-D-F) statistics that are input in the PH record are automatically adjusted

for the rainfall depth-area relation by procedures built into the HEC-1 program. The

hypothetical distribution methodology is described in U.S. Army Corps of Engineers,

Training Document No. 15 (1982).

1.1.2 Source of Design Rainfall Information

The rainfall depth-duration-frequency statistics for Arizona are derived from

information in NOAA Atlas 2, Volume Vlll, Arizona (Miller and others, 1973). The

short-duration (less than 1-hour) rainfall ratios are from Arkell and Richards (1986).

The depth-area reduction curves are those from the NOAA Atlas 2.
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1.2 PROCEDURE

1.2.1 General Considerations

Rational Method - When using the Rational Method, either one of the two

generalized f-D-F graphs, one for Zone 6 and one for Zone 8 (see Chapter 2 -

Rational Method), or a site-specific S-D-F graph is used. The T-year, 1-hour rainfall

depth is used with the Rational Method, where T indicates the desired design flood

return period.

- When using the HEC-1 model, the rainfall input is provided in the

PH record. The storm duration to be used depends on the total watershed area as

follows:

1 . If the total watershed area is less than or equal to 1 .0 square mile, the

design storm duration is 6 hours.

2. If the total watershed area is greater than 1 .0 square mile, the design storm

duration is 24 hours.

Arkell and Richards (1986) determined that the short-duration (less than 1-hour)

rainfall ratios, as shown in the NOAA Atlas 2 series, are not appropriate for the

entire western United States. They identified zones that have different short-

duration rainfall ratios and provided those ratios for each zone. Arizona contains

two zones (Zone 6 and Zone 8) as shown in Rgure 1-1. The short-duration rainfall

ratios for those two zones are shown in Table 1-1. Use of those ratios will affect

the short-duration rainfall depths and rainfall intensities as compared to the values

that would be obtained using the ratios in the NOAA Atlas 2. The short-duration

rainfall ratio from Arkell and Richards (1986) along with the isopluvial maps and

other information from the NOAA Atlas 2 are used to define design rainfall for

Arizona.
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FIGURE 1-1

SHORT-DURATION RAINFALL RATIO FOR ARIZONA

1992
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TABLE 1-1

SHORT DURATION RAINFALL RATIOS FOR ARIZONA
(Arkel! and Richards, 1986)

Zone

d)

6

8

RATIOS TO 1-HOUR 8ATNFAUL DEPTH

2-Year Return Period

Duration, in minutes

5

(2)

.35

.34

10

(3)

.54

.51

15

(4)

.65

.62

30

(5)

.83

.82

100-Year Return Period

Duration, In minutes

5

(6)

.32

.30

10

(7)

.50

.46

15

(8)

.62

.59

30

(9)

.81

.80

A rainfall depth-duration-frequency (D-D-F) table must be developed prior to coding

input in the PH record or developing a site-specific I-D-F graph. The D-D-F statistics

can be calculated by use of the PREFRE Program (U.S. Bureau of Reclamation,

1988) or by the following procedure and equations:

1. Determine the following point rainfall depth-duration-frequency values for the

watershed using the isopluvial maps in Appendix B:

a. 2-year, 6-hour (P2 6.)

b. 2-year, 24-hour (P2> 24.)

c. 100-year, 6-hour (pioo, 6-)

d 100-year, 24-hour (P100j 24.)

Note: 5" denotes 5 minutes, etc.

1' denotes 1 hour, etc.

1. !f the watershed is small or if there is little variation in the isopluvial lines

for the drainage area, then the rainfall values can be taken from the

isopluvial maps at the centroid of the watershed. If the watershed is

large enough to indicate significant variation in rainfall depth throughout

the watershed, calculate the area weighted rainfall values. Area-

weighted rainfall values are calculated by laying a transparent
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watershed map and grid over each of the isopiuviai maps. The point

rainfall values are read at each grid intersection (a minimum of 10) and

these are averaged.

2. For watersheds that are to be divided into modeling subbasins and

which contain numerous isopiuviai lines (nonuniform rainfall

characteristics), consideration should be given to developing separate

D-D-F tables for each modeling subbasin. Multiple PH records (one for

each subbasin) would be used in the HEC-1 model to improve the

distribution of rainfall over the watershed.

2. Compute the following rainfall statistics:

a. 2-year, 1-hour p ,̂ = -0.011 + -
P2, 24'

b. 100-year, 1-hour ROO , = .494 +
'^wi '

^100,24'

•&

3. Compute the following rainfall statistics:

a. 2-year, 2-hour P^ $ = .341 (P^ 6/) -*• .659 (P2i ̂

b. 2-year, 3-hour P^ 3/ = .569 (P^ 6/) + .431 (P2i.,/)

c. 2-year, 12-hour P^^ = .500 (P^g/) + .500 (P^^/)

d. 100-year, 2-hour P100>2, = .341 (P100j6') -*- .659(P100i,/)

e. 100-year, 3-hour P100f 3, = .569 (P100< 6/) + .431 (P100t y)

f. 100-year, 12-hour P100 ̂  = .500 (P100j g/) + .500 (P100j 24/)

Note: 5" denotes 5 minutes, etc.

1' denotes 1 hour, etc.

4. Determine the short-duration rainfall zone, Figure 1-1.
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5. Determine the 2-year and 100-year short-duration rainfall ratios, Table 1-1.

6. Compute the short-duration rainfall statistics according to the following:

2-yr, 5-min

2-yr, 10-min

2-yr, 1 5-min

2-yr, 30-min

100-yr, 5-min

100-yr, 10-min

100-yr, 1 5-min

100-yr, 30-min

^2, 5" ~

P2i 10. =

^2, 15" =

^2,J01_____ .̂

^1 00, 5" -

1̂00, 10" =

^100, 15" =

^100, 30" =

dZzon l̂

JE£iji__
.54 (Pj, r)

_^J?jai__j
.83 (P2. r)

.32 (Pm r)

.50 (Pm v)

.62 (Pi oo, r)

.81 (PIOO! r)

Zone 8

.34 (Pjjj.)

.51 (P2 r)

^£2^_—^

.82 (P2 r)

.30 (P100i r)

.46 (Pm r)

.59 (P-ioo, r)

.80 (P100< r)

7. Compute rainfall statistics for other frequencies (T-year) and other durations

(t-min/hour) by the following:

a. 5-year, t-min/hour P5>t = .674(P2>f) +• .278(P100jf)

b. 10-year, t-min/hour

c. 25-year, t-min/hour

d. 50-year, t-min/hour

e. 500-year, t-min/hour

= -293(P2>f) + .669(P100if)

Note: 5" denotes 5 minutes, etc.

1' denotes 1 hour, etc.

The values derived from the NOAA Atlas 2 are point rainfall depths. These must be

converted to equivalent uniform depth of rainfall for the entire watershed, and this is

accomplished with a set of depth-area reduction curves. Use of the PH record with

the HEC-1 program will result in automatic adjustment of the point rainfall values that

are coded into the PH record. Do not convert the point rainfall depths to equivalent

uniform depths of rainfall in the PH record or there will be double reduction of the

point rainfall depths using this procedure.
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1.2.2 Applications and Limitations

The rainfall statistics that are developed by procedures in this section are dependent

upon the information that is provided in the NOAA Atlas 2 (Miller and others, 1973).

The potential deficiencies of that information are recognized. However, until a similar,

comprehensive and accepted source of rainfall information for Arizona becomes

available, the NOAA Atlas 2 will be used for highway drainage studies in Arizona.

The hypothetical distribution is a simplified and idealized representation of the

temporal distribution of rainfall. It is intended for use to estimate design discharges

for highway drainage facilities. It does not necessarily represent the temporal

distribution of any historical storm in Arizona. The use of that distribution for design

purposes does provide reasonable assurance that design discharges of specified

frequency are produced regardless of the size of the watershed.

For very large watersheds (possibly as large or larger than 500 square miles), where

the time of concentration (TG) exceeds 24 hours, a longer duration hypothetical

distribution (or other project specific distribution) should be developed and used.

Procedures for estimating the watershed time of concentration are contained in

Chapter 4 - Unit Hydrographs.

In general, the hypothetical distribution can be used, as input to the HEC-1 program,

for highway drainage design purposes in Arizona Similarly, the two generalized l-D-F

graphs (see Chapter 2 - Rational Method) can be used with the Rational Method

(within the limitations specified in that section) for most small watersheds in Arizona.
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1.3 INSTRUCTIONS

1.3.1 HEC-1 Rainfall Input - PH Record

1. Develop the rainfall depth-duration-frequency (D-D-F) statistics for the desired

flood frequency using the D-D-F Worksheet (Figure 1-2), or the PREFRE

Program.

2. Code the rainfall input in the PH record:

a. Field 1, PFREQ

If the analysis is for flood frequency of 2-, 5-, or 10-year, insert the

following value in Field 1:

Flood Frequency Value of PFREQ
in Field 1

2-year 50

5-year 20

10-year 10

For all other flood frequencies, Reid 1 is left blank.

b. Field 2, TRSDA

Insert the total watershed area (not subbasin area), in square miles, in

Field 2. For watersheds with non-uniform rainfall characteristics, i.e.

those requiring multiple PH records, the total watershed area is to be

input to all PH records.

c. Fields 3 through 10, PNHR(I)

1) If the total watershed area is less than or equal to 1.0 square

mile, insert the rainfall depth, in inches, for each duration of the

selected flood frequency in the appropriate field:
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Fieid Rainfall Duration

3 5-minute

4 15-minute

5 1-hour

6 2-hour

7 3-hour

8 6-hour

2) if the total watershed area is greater than 1.0 square mile,

complete Reids 3 through 8, as above, and insert the additional

rainfall depths in Reids 9 and 10:

Fieid Rainfall Duration

9 12-hour

10 24-hour

1.3.2 Rational Method • SIte-Speelfie I-D-F Graph

This procedure will be used if one of the two generalized I-D-F graphs (see Chapter

2 - Rational Method) is not to be used.

1. Develop the rainfall depth-duration-frequency (D-D-F) statistics for the desired

flood frequency or frequencies using the D-D-F Worksheet, Rgure 1-2, or the

PREFRE Program.

2. Divide each rainfall depth by its corresponding duration, in hours. Tabulate

these rainfall intensities, in inches per hour, using the I-D-F Worksheet, Figure

1-3.

3. Plot the rainfall intensities for each rainfall frequency versus the rainfall

duration, in minutes, on log-log graph paper.
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Project No.
Project Name
Location/Station
Designer

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No.
Date

Checker

FIGURE 1-2
RAINFALL DEPTH-DURATION-FREQUENCY (D-D-F) WORKSHEET

Sheet 1 of 4

Determine rainfall depths from the isopluviai maps (Appendix B):

2-year, 6-hour
2-year, 24-hour
100-year, 6-hour
100-year, 24-hour

2,24'
I 00,6'
I 00,24'

PARTS

Compute the following:

2-year, 1-hour

100-year, 1-hour

2-year, 2-hour

2-year, 3-hour

2-year, 12-hour

100-year, 2-hour

100-year, 3-hour

100-year, 12-hour

20 01 1 + •y**i v 2,6V _ Q n-j -j j. .942 ( }
{̂ 2,24') ( )

494 •+• * ioo,6v _ ^g^ + .755 ( )

(̂ 100,24') ( )

.341 (P ĝ.) + .659 .̂) » .341 ( ) + .659( )

.569(P 6̂.) + .431 (P .̂) - .569{ ) + .431 ( )

.500(P,6.) + .500(P2J?4.) = .500( ) + ̂ 00{ }

.569(P1006.) + .431 (P100 r) - .569( ) + .431 { )

-500{P100 g.) + .500(P10024.) - ,500{ ) -f .500( )

P.r
*

* 1 00 1 f ™ ••••••

r «*»* 5s

P

i n **v =

100"' =

'•iftnv ~ , ... .

PI 00,12' =

Note: 5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc.

MARCH 1993 1-10



FIGURE 1-2
RAINFALL DEPTH-DUBATION-FREQUENCY (D-D-F) WORKSHEET

(Continued)

Sheet 2 of 4

Determine the short-duration rainfall zone {Figure 1-1):

Zone =

Determine the short-duration rainfall ratios (Table 1-1):

Duration
(Minutes)

5

10

15

30

Ratio

2-Year

A =

B —

C —

D =

100-Year

E =

F«

G =

H =

Compute the following:

2-year, 5-rrtin

2-year, 10-min

2-year, 15-min

2-year, 30-min

100-year, 5-min

100-year, 10-min

100-year, 15-min

100-year, 30-min

<A)(P •) -(

<B)(Pr) -( ){ )

(C)(P2t1.) *( ) { )

(E)(Pioor) = ( ) ( )

(F)(Pioor)-( ) ( )

(G)(Pioor)-( ) ( )

{H)(P1001.} = ( } ( )

P

'210* =- — —

P*1K, =

230* =

M 00 5" ~.

P
_

1ftO 1fl* —

10015" =.

°1 00,30" =

Note: 5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc.
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FIGURE 1-2
RAINFALL DEPTH-DURATION-FREQUENCY (D-D-F) WORKSHEET

(Continued)

Sheet 3 of 4

For any flood frequency (T-yr) other than 2-year or 100-year, calculate the rainfall depth for each rainfall
duration (tj by the following equation:

where X and Y for a selected frequency (T-yr) are:

Frequency
(T-yr)

5-year
10-year
25-year
50-year
500-year

X

.674

.496

.293

.146
-.337

Y

.278

.449

.669

.835
1.381

Selected frequency (T-yr) = X =

5-min

10-min

1 5-min

30-min

1-hour

2-nour

3-hour

6-hour

12-hour

24-hour

(X)(P ) + (Y)(P ) -( X ) + ( K )

(X)(P21 ) + (Y){P ) -( )( ) + { )( )

fYVP \ _i_ AAfD ^ / \l \ ^ 1 \l \
I A/Vr215"/ + ITK"10015"/ ~ V A / •*• I A /

PQ(P ) + (Y)(P )~( }( )*( ){ )

(X)(P2>2.) + {Y)(P100 )̂ -( )( ) + ( )( )

(X)(P23.) + (Y)(P10o3-) ~( )( ) + ( K )

(X)(P26.) + (Y)(P100S.) =( K ) + ( )( )

(X)(P2i24.) + (Y)(P100i24.) =( )( ) + ( )( )

p

P

P 15" «

P 30- =

0 —

P

p

P

P — .

Note: 5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc.
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FIGURE 1-2
RAINFALL DEPTH-DURATION-FREQUENCY (D-D-F) WORKSHEET

(Continued)

Sheet 4 of 4

Tabulate the rainfall Depth-Duration-Frequency statistics below:

Duration

5-min.

10-min.*

1 5-min.

30-min.*

1-hour

2-hour

3-hour

6-hour

12-hour

24-hour

Rainfall Depth, In Inches
Frequency, In Years

2 5 10 25 SO 100 500

* - Note: 10-min. and 30-min. values are not coded into the PH record.
5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc.
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Project No.
Project Name
Location/Station
Designer _____

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No.
Date

Checker

FIGURE 1-3
RAINFALL SNTENSiTY-DURATfON-FREQUENCY (I-D-F) WORKSHEET

Divide each rainfall depth from the D-D-F Worksheet (Figure 1-2 Part E) by each corresponding duration, in
hours, and tabulate below:

Duration

5-min.

10-min.

15-min.

30-min.

1-hour

2-hour

3-hour

6-hour

12-hour

24-hour

Rainfall Intensity, In Inches/Hour
Frequency, in Years

2 s 10 25 50 100 500

Note: 5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc.
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EXAMPLE 1-1 Page 1 of 9

RAINFALL DEPTH-DURATION-FREQUENCY (D-D-F) TABLE

Problem:

Develop a Rainfall Depth-Duration-Frequency (D-D-F) table for Bisbee, Arizona.

Soiution:

The D-D-F Worksheets (Figure 1-2, A - E) are used as follows:
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project O-P-f T^feuS RPR.

TRACS No-
Date.

Location/Station
Designer — : Checker.

RAINFALL DEPTH-DURATION-FREQUENCY JD-D-FJ WORKSHEET

Determine rainfall depths from the isopluvial maps (Appendix B):

2-year, 6-hour
2-year, 24-hour
100-year, 6-hour
100-year, 24-hour

pRAm'B'ij

P26'P
2;24'

p100'6'
100,24'

= j.fe2

= 3.56
= 4. Z5

Compute the following:

2-year, 1-hour

100-year, 1-hour

2-year, 2-hour

2-year, 3-hour

2-year, 12-hour

100-year, 2-hour

100-year, 3-hour

100-year, 12-hour

•942 (P / .942 ( i.fe2 )
0 011 t z - 0 011 t

.755 (P J) 755 / ^ ^fe Y*
494 t ?.5f?,?[ - 494 -j- „" V - * ;

(P10Q2P
 ( *'*& ^

•341(p2,6-) + •659(p2,r) = -341(i-te2:) + -659(J-23)

.569{P ' J + .43KP ,) = -569(l.fe2) + .431(S.l35

.500(P26,) + -SOO(P224,) = .500U-W) + .500(1-^)

.341 ( P 6 , ) + .659(P100V) = .341(3.% + .659(2.15)

.569(P ,} + .431 (P ,) = .569(3.%) + .431(2.15)

.500(P1Q ) -f -500(P10024,) = .500(3.54>) + .500(4.25)

P2.r

100,1'

P2.2'

P2.3'

P2.12'

P
100,2'

100,3'

100,12'

= 1-23

= 2.74

.1:36

.U6

= 1.80

= 3.03

= 3.21

.3.10

Note: 5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc. FIGURE 1-2 Sha«t 1 of 4
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RAINFALL DEPTH-DURATION-FREQUENCY (D-D-F) WORKSHEET

Determine the short-duration rainfall zone (Figure 1-1):

Zone =

Determine the short-duration rainfall ratios (Table 1-1):

Duration
(Mjnutes)__

5

10

15

30

Ratio

2-Year

A= 0.^>H

B = D_5J_

C= n. tn*Z
D= 0-72

100-Year

E = n.3O

P = Q^^

G= O.59

H = __£U^Q__

Compute the following:

2-year, 5-min

2-year, 10-min

2-year, 1 5-min

2-year, 30-min

100-year, 5-min

100-year, 10-min

100-year, 1 5-min

100-year, 30-min

(A)(P21.) -(O.WHJ.Z3 )

(B)(P21.) =(o.5l ){|.23)

(CXPy.) - (o. fcZ)( l -23)

(0)0*2,,.) =(0.«2)(l.23)

(E){pioor)-(0-3o)(^75)

(F)(P10or) = (0.«/fo)(?.75)

(G)(Pioor)-(0.5«J){7.75)

(H)(P10o.r) = (O.SO )(2.75-)

PSLS- =_ î£2t>_

PjL1 0" =... ,Q:..Jbj3,

P«15. =. <pit,74>

P«3P. = /.O/

P100Er = fl.sr?

10010" =.,..,,«,./.;.j2dfe1,..,,,..l

1̂00,30' = — ̂~ l̂2

Note: 5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc. RGURE1-2 Sheet 2 of 4
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RAINFALL DEPTH-DURATION-FREQUENCY (D-D-F) WORKSHEET

PAKTD

For any flood frequency (T-yr) other than 2-year or 100-year, calculate the rainfall depth for each rainfall
duration (f) by the following equation:

PT_t=(X){P2>l)

where X and Y for a selected frequency (T-yr) are:

Frequency
(T-yr)

5-year
10-year
25-year
50-year
500-year

X

.674

.496

.293

.146
-.337

Y

.278

.449

.669

.835
1.381

Selected frequency (T-yr) = 5-year X = 0.674 Y = 0.278

5-min

10-min

1 5-min

30-min

1-hour

2-hour

3-hour

6-hour

12-hour

24-hour

(X)(P2i5.) + (Y)(P100i5.) - ( 0.674 XCX42) + ( 0278 )(0.»)

0278 A(X)(P2>10.) + (Y)(P100i10.) = { 0.674

PQ(P2.15") + 00(Pioo,i5") = ( 0-674 XO-Tfe) + ( 0278 )(/.

(X){P2,30") + (Y)(P10o,30-) = ( 0-674 X7.0/) + { 0278 }(2.20)

= { 0.674 )(J.23) + { 0278 )(Z75)(X)(P2,r)

(X)(P2j2.) + (Y){P100i2.) = ( 0.674 X/3b) + ( 0278

W(p2,3') + OOfPioo.s-) = ( 0.674 )(/.<££) + ( 0278

= {0.674 0278

00(Pioo,i2') = ( °-674 )(/.«) + ( 0278

(X)(P2i24.) + (Y)(P100i24.) = ( 0.674 X/.<ft) + ( 0278 )W.2S)

= p. in

5,300

l.SPl

s.121

Note: 5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc. RGURE1-2 Sheet 3 of 4
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RAINFALL DEPTH-DURATION-FREQUENCY (D-D-F) WORKSHEET

For any flood frequency (T-yr) other than 2-year or 100-year, calculate the rainfall depth for each rainfall
duration (f) by the following equation:

PTt = (X)(P2it) + (Y)(P,oo,t)

where X and Y for a selected frequency (T-yr) are:

Frequency
(T-yr)

5-year
10-year
25-year
50-year
500-year

X

.674

.496

.293

.146
-.337

Y

.278

.449

.669

.835
1.381

Selected frequency fT-yr) = 10-year X = 0.496 Y = 0.449

5-min

10-mrn

15-min

30-min

1-hour

2-hour

3-hour

6-hour

12-hour

24-hour

(X)(P2,5") + 00{P100,5") = ( 0-

(X)(P2i10.) + {Y)(P10010.) = ( 0.496

4- { 0.449 )(0.«)

0.449

(YXPioo.15") = ( °-496 X0.7fe) + ( 0.449

(XXP2.30") + 00(̂ 100,30-) = ( 0-496 X/.0/ ) + ( 0.449 ){

0.449 )(2.75)

0.449 )(34>3)

(Y){P10o,3') = ( 0.496 K/.̂ 5) + ( 0-449 )(3,2/)

= ( 0.496 )(/.

= ( 0-496 ){/.

(X)(p2,24-)

= ( 0-496

°-496

- = 0-496

0.449

0.449

IO.S"

I 0,10"

10,15-

10,30"

P10,r

JJf9_

10,12*

Note: 5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc. RGURE1-2 Sheet 3 of 4
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RAINFALL DEPTH-DURATION-FREQUENCY (D-D-F) WORKSHEET

For any flood frequency (T-yr) other than 2-year or 100-year, calculate the rainfall depth for each rainfall
duration (t) by the following equation:

where X and Y for a selected frequency (T-yr) are:

Frequency
(T»yr)

5-year
10-year
25-year
50-year
500-year

X

.674

.496

.293

.146
-.337

Y

278
.449
.669
.835

1.381

Selected frequency (T-yr) = 25-year X = 0.293 Y = 0.669

5-min

10-min

1 5-min

30-min

1-hour

2-hour

3-hour

6-hour

12-hour

24-hour

(X)(P2i5.) + - ( 0.293 Xft*tt) + ( 0.669 )(a W)

(X)(P210.) + (Y)(P100i10.) = ( 0.293 XttfeS) + ( 0.669 )(/.2fc>)

CWjys-) + (Y)(Pioo,i5-) - ( °-293 Ko.7fc) + ( 0.669

(X)(P2f30.) + (Y)(P100i30.) = ( 0.293 )(|.OJ ) -f ( 0.669

2,1V 100.1v

100,3V

(X)(P2(6.)4.

0.669

0.669

0.669

= (0.293)(/.fe,2) + (0.669

0-293

= (0.293)(/,

{Y)(P100r24.) = ( 0.293 XI 0.669 ) .

25,5"

25,10"

25,15"

25,30"

P25.1-

= I. T?

= 2.20

P25.3' = ,2-51,

25,6'

25.121

Note: 5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc. FIGURE 1-2 Sheet 3 of 4
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RAINFALL DEPTH-DURATION-FREQUENCY (D-D-F) WORKSHEET

For any flood frequency (T-yr) other than 2-year or 100-year, calculate the rainfall depth for each rainfall
duration (t) by the following equation:

where X and Y for a selected frequency {T-yr} are:

Frequency
(T-yr)

5-year
10-year
25-year
50-year
500-year

X

.674

.496

.293

.146
-.337

Y

.278

.449

.669

.835
1.381

Selected frequency (T-yr) = 50-year X = _Q. 146. Y= 0.835

5-min

10-min

1 5-min

30-min

1-hour

2-hour

3-hour

6-hour

12-hour

24-hour

(XMP--) + (Y)(P1009.) = ( 0.146 )(<W

(X)(P2 10.) + (Y)(P100 10-} ={ 0.146 Xft«

(X)(P2.i5-) + {YXPioo,i5-) ={0.146)(o.76

OQ(P ^ 4- fYVP „> - / 0 146 W/ /)/

PQ(P2 r) + (Y){P100 r) = { 0.146 X/23)

OGfP } •»• (Y¥P ) - ( 0 146 W/1&.}V'Vvr2^V * \T/\r100^/ ^ u. i*to l\Ll-Jts> 1

PQ(P^3-) + (Y)(Pioo 3-) -( 0.146 X/-YS)

W(P2 6-) + 00(Pioo 6-) = ( °-146 MAW )

(X)(P2,12-) + 00(PlOO,12-) » ( °-146 )(/•?/)

(X){P2^4.) + (Y)(P100i24.) = ( 0.146 X /.<*,)

) + ( 0.835 )(aSZ)

) + ( 0.835 )(i.2t,)

) + {0.835)(|.w)

) + { 0.835 X2.2D)

+ { 0.835 ){2.75)

+ { 0.835 ){a03)

-f ( 0.835 )(3.2J )

+ ( 0.835 )(35b)

+ ( 0.835 )( 3.̂ 1)

+ ( 0.835 )W.Z5)

P«o*- =__CL15____

P501P. = /./^/

P5015. = |.H(«

P5030' = lr$%

P50 . = 2-^?

P5n« = ?.73

Pgp* - 2.33

PSOS- =™2=21_

50 12" = -wrjSS.,

P50,24' =_-2u2fi

Note: 5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc. FIGURE 1-2 Sheet 3 of 4
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RAINFALL DEPTH-DURATION-FREQUENCY (D-D-F) WORKSHEET

For any flood frequency (T-yr) other than 2-year or 100-year, calculate the rainfall depth for each rainfall
duration (t) by the following equation:

PTit = (X)(P2>t) + (Y)(P100if)

where X and Y for a selected frequency (T-yr) are:

Frequency
CT-yr)

5-year
10-year
25-year
50-year
500-year

X

.674

.496

.293

.146
-.337

Y

.278

.449

.669

.835
1.381

Selected frequency (T-yr) = 500-year X« -0.337 Y= 1.381

5-min

10-min

1 5-min

30-min

1-hour

2-hour

3-hour

6-hour

12-hour

24-hour

WCPa 5") + OOCPioo y) ~ (-0-337 )(a% )

(X)(P210.) H- (Y)(P10010.) = (-0.337 ){0(d)

PO(P230-} + 00(Pioo30-) ~ (-0-337 )(I4I )

(X)(P2 r) + (Y)(P100i1.) = (-0.337 )(/.23 ) -

AA/p \ . CY)(P ) — (-Q 337 \( i "?t%\

P9(P2 3-) •«• 00(Pioo 3-) = (-0-337 )(/.-y5) -

/\^\/CJ \ -^ fV^/P ^ / f t O*3"*y \/ / f ""5 \ j

(̂ (Pa 12-) + C0(pioo 12-) ~ (-0-337 )( /. tj ) •

(XXPa.a*) -1- CO(Pioo54-) ~ (-0.337 )( /.<?<?) -

+ ( 1.381 XO.RL)

+ { 1.381 )(l-2fe>)

+ ( 1.381 )(|.fe,Z)

+ ( 1.381 )(f.Zo)

t-( 1.381 XZ.75)

M 1-381X3^)3)

h ( 1.381 XJ2/ }

h ( 1.381 XS-Sp)

f ( 1.381 )(3. î)

f ( 1.381 XV.25)

P -_059__^

•50010" ~. I:...S3. M

P — / £99
CVV\4C« — I-^O

• «?fin w ~ At*O

PSOO 1" =. .i3.:.2S..,,..

P *y QJJ
cnn v — a2iILZ-

P Z/ rf f"i
n̂n fi* ~ r/.M2...,L

EJ -~ /J T Q

P500541 = — £L3&L

Note: 5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc. RGURE1-2 Sheet 3 of 4
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RAINFALL DEPTH-DURATION-FREQUENCY (D-D-F) WORKSHEET

Tabulate the rainfall Depth-Duration-Frequency statistics below:

Duration

5-min.

10-min.*

1 5-min.

30-min.*

1-hour

2-hour

3-hour

6-hour

12-hour

24-hour

Rainfall Depth, In Inches
Frequency, in Years

2

04<L

0.^

_D^&__

I . 01

;.2s
/.3fe>

_LJ£f

_L^2

/. 87

7.99

§

0.51

_jm™_
___CA___
^LZOL^
_L55____

__L3^

/.S7

2.08

™^2L_

2.52

10

__&5L__

™£LSS_

I 10

/.^

™™LM_™_
__iia™_

2/t,
2-HQ

_2jaS___

-230

25

n^i
^L£^___

_L2L_
_LZL_
_^m™_

_^^Z
2,57
2?fc

___.2J|S__

3.40

50

(P-75"
I-;*/
;.%

__L2S_
^? tJ^k

*5 ̂ ^

^89

3.2/

3.53

-?.*4

100

n.s?.

™_L^»_
__L^_J
™_2^o_

.̂75

_™^£2™_
32!

3.fS&

™2ai_
^V.25

500

0.9q

(-53

/.<?«

_2JQ_

_2^__
*2 ^7^2

**t flin/

/I ^J^l

</.79

5:20

* - Note: 10-min. and 30-min. values are not coded into the PH record.
5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc.

FIGURE 1-2 Sheet 4 of 4
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EXAMPLE 1-2
PH RECORD CODIMG

Problem:

Code a PH record for a watershed at Bisbee, Arizona for various flood frequencies
and watershed sizes.

Solution:

The D-D-F table of the required rainfall depth-duration-frequency (D-D-F) statistics is
first prepared (See Example 1-1).

a. For a

PH

1

b. For a

PH

1

20

100-yr flood and

2

.75

5— yr

2

.75

c. For a 50— yr

PH

1 2

18

3

.82

flood

3

.51

flood

3

.75

4

1.62

and 0

4

.96

0.75

Field

5

2.75

square mile watershed:

6

3.03

.75 square

Field

5

1.59

6

1.76

and a 18 square

4

1.46

Field

5

2.48

6

2.73

7

3.21

8

3.56

9 10

mile watershed:

7

1.87

mile

7

2.89

8

2.08

9 10

watershed:

8

3.21

9

3.53

10

3.84
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EXAMPLE 1-3 Page 1 of 3
RAINFALL INTENSITY-DURATION-FREQUENCY (I-D-F) TABLE

Problem:

Develop a site-specific Intensity-Duration-Frequency (I-D-F) graph for Bisbee, Arizona

Solution:

The D-D-F table is first produced (See Example 1-1). Then the I-D-F Worksheet

(Figure 1-4) is used. The rainfall intensities, in inches per hour, are plotted against

corresponding rainfall durations, in hours, on log-log paper.
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No. Ev^KjpLE
Project Name 1- P- F
Location/Station
Designer

TRACS No. _
Date

Checker

Page 2 of 3

RAINFALL INTEMSJTY-DURATIOM-FREQUENCY (f-D-P) WORKSHEET

Divide each rainfall depth from the D-D-F Worksheet (Figure 1-3 - Past E), by each corresponding duration,
in hours, and tabulate below:

Duration

5-min.

10-min.

1 5-min.

30-min.

1-hour

2-hour

3-hour

6-hour

12-hour

24-hour

Rainfall intensity, In Inches/Hour
Frequency, In Years

2

5" OH
_J3/Z£

3.0H

2.6Z

t.23

O.L>%
o.w
O.21

_Jll5__.

0.08

s

(*.(2

H.\*1

3W

2.58

/.59

_Qj$8

O.b>2

0.3S

O.fB

o.n

10

(p.^(a

—JtLSJL.^.
IMft

2.9 8

\.W

___L£2____

_J2/Z±___

OMO

0.21

_Q.L2

25

™_^J2iL__
fc.lf?

T.24

.•?.5«/

5.̂ 0

J.^-2

0 8fe

o.«/«
_OJ2i2

O.M

50

9- CD

_J^21_
5".8̂

3.9fo

2.4S

/.37

— fi:2fe__0.5^4

Q-2^
O.llo

100

^^SfL—
7.5k

-J2.1S™.

1MQ

2.75

/.^2

J.07

0.59

O.33

O.I-B

500

/I.^S

q.i8
7.92

>5^/O

3.38

__LS2™

___L^L_

J2/7J3

O.HO

^Q-13»

* - Note: 10-min. and 30-min. values are not coded into the PH record.
5" denotes 5 minutes, etc.; V denotes 1 hour, etc.

FIGURE 1-3
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CHAPTER 2

RATIONAL

2.1 INTRODUCTION

The Rational Method relates rainfall intensity, a runoff coefficient and a drainage area

size to the direct runoff from the drainage basin.

Three basic assumptions of the Rational Method are:

a. The frequency of the storm runoff is the same as the frequency of the rainfall

producing the runoff (i.e., a 25-year runoff event results from a 25-year rainfall

event).

b. The peak runoff occurs when all parts of the drainage basin are contributing

to the runoff.

c. Rainfall is uniform over the watershed.

2.1.1 Genera! Discussion

The Rational Method, as presented herein, can be used to estimate peak discharges,

the runoff hydrograph shape, and runoff volume for small, uniform drainage areas that

are not larger than 160 acres in size. The method is usually used to size drainage

structures for the peak discharge of a selected return period. An extension of the

basic method is provided to estimate the shape of the runoff hydrograph if it is

necessary to design retention/detention facilities and/or to design drainage facilities

that will require routing of the runoff hydrograph through the structure.

The Rational Method is based on the equation: Q.= CiA (2-1)

where Q = the peak discharge, in cfs, of selected return period,

C = the runoff coefficient,

i = the average rainfall intensity, in inches/hr, of calculated rainfall

duration for the selected rainfall return period, and

A = the contributing drainage area, in acres.
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2.2 PROCEDURE

2.2.1 General Considerations

1. Depending on the intended application, the runoff coefficient (C) should be

selected based on the character of the existing land surface or the projected

character of the land surface under future development conditions. In some

situations, it may be necessary to estimate C for both existing and future

conditions.

2. Land-use must be carefully considered because the evaluation of land-use will

affect both the estimation of C and also the estimation of the watershed time

of concentration (Tc).

3. The peak discharge (Q) is generally quite sensitive to the calculation of Tc and

care must be exercised in obtaining the most appropriate estimate of Tc.

4. Both C and the rainfall intensity (I) will vary if peak discharges for different flood

return periods are desired.

5. Since the Tc equation is a function of rainfall intensity (i), Tc will also vary for

different flood return periods.

2.2,2 Applications and Limitations

1. The total drainage area must be less than or equal to 160 acres.

2. Tc shall not exceed 60 minutes.

3. The land-use of the contributing area must be fairly consistent over the entire

area; that is, the area should not consist of a large percentage of two or more

land-uses, such as 50 percent commercial and 50 percent undeveloped. This

will lead to inconsistent estimates of Tc (and therefore i) and errors in selecting

the most appropriate C coefficient
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4. The contributing drainage area cannot have drainage structures or other

facilities in the area that would require flood routing to correctly estimate the

discharge at the point of interest.

5. Drainage areas that do not meet the above conditions will require the use of

an appropriate rainfall-runoff model (the HEC-1 Program) to estimate flood

discharges.

2.2.3 of (A)

An adequate topographic map of the drainage area and surrounding land is needed

to define the drainage boundary and to estimate the area (A), in acres. The map

should be supplemented with aerial photographs, if available, especially if the area is

developed. If the area is presently undeveloped but is to undergo development, then

the land development plan and maps should be obtained because these may indicate

a change in the drainage boundary due to road construction or land grade changes.

If development plans are not available, then land-use should be based on current

zoning of the area.

The delineation of the drainage boundary needs to be carefully determined. The

contributing drainage area for a lower intensity storm does not always coincide with

the drainage area for more intense storms. This is particularly true for urban areas

where roads can form a drainage boundary for small storms but more intense storm

runoff can cross roadway crowns, curbs, etc. resulting in a larger contributing area

Floods on alluvial fans (active and inactive) and in distributary flow systems can result

in increased contributing drainage areas during larger and more intense storms. It is

generally prudent to consider the largest reasonable drainage area in such situations.

2.2.4 Estimation of Rainfall Intensity (i)

The intensity (i) in Equation 2-1 is the average rainfall intensity in inches/hour for the

period of maximum rainfall of a specified return period (frequency) having a duration

equal to the time of concentration (Tc) for the drainage area The frequency is usually

specified according to a design criteria or standard for the intended application. The
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rainfall intensity (i) is obtained from an intensity-duration-frequency (I-D-F) graph. Two

methods can be used for obtaining I-D-F information: 1) two generalized i-D-F graphr

are provided that can be used for any site in Arizona, and 2} a site-specific I-D-F

graph can be developed, if desired. The two generalized I-D-F graphs are shown in

Figure 2-1 for Zone 6, and Figure 2-2 for Zone 8, respectively. The delineation of

the two rainfall zones for Arizona is shown in Rgure 1-1 of Chapter 1 - Rainfall.

Procedures for developing a site-specific I-D-F graph are described in Chapter 1 .

The intensity (i) in Equation 2-1 is the average rainfall intensity for rainfall of a

selected return period from an I-D-F graph for a rainfall duration that is equal to the

time of concentration (Tc) as calculated according to the procedure described below.

A minimum rainfall duration of 10 minutes is to be used if the calculated Tc is less

than 1 0 minutes. The Rational Method should not be used if the calculated Tc is

greater than 60 minutes.

2.2.5 Estimation ©I Time ©I Concentration

Time of concentration (Tc) is to be calculated by Equation 2-2:

Tc . 11.4 L0-5 /C52 S-°-31 r°-38 (2-2)

Note: Reference Papadakis and Kazan, 1987.

where Tc = the time of concentration, in hours,

L = the length of the longest flow path, in miles,

Kfc, = the watershed resistance coefficient,

S = the slope of the longest flow path, in ft/mile, and

i = the average rainfall intensity, in inches/hr, for a duration of rainfall

equal to Tc (the same (i) as Equation 2-1 ) unless Tc is less than 1 0

minutes, in which case the (i) of Equation 2-1 is for a 10-minute

duration).

The longest flow path will be estimated from the best available map and the length (L)

measured from the map.
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FIGURE 2-1
GENERALIZED l-D-F GRAPH FOR ZONE 6 OF ARIZONA

Example: For a selected 10-year return period, P-, = 2.0 inches. Tc is calculated as
20 minutes. Therefore, (i) = 4.25 in/hr.

P1 is the 1—hour rainfall depth
of selected frequency

FOR:
=2.0 inches and

TQ=20 minutes,
i =4.25 in/hr

0
20 30 40

Rainfall Duration, in minutes

50 60
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FIGURE 2-2
I-D-F GRAPH FOR 8 OF ARIZONA

PI is the 1—hour rainfall depth
of selected frequency

10

Rainfall Duration, in minutes
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The slope (S), in ft/mile, will be calculated by one of two methods:

1. If the longest flow path has a uniform gradient with no appreciable grade

breaks, then the slope is calculated by Equation 2-3;

S * H (2-3)

where H = the change in elevation, in feet, along L, and

L - as defined in Equation 2-2.

2. If the longest flow path does not have a uniform gradient or has distinct grade

breaks, then the slope is calculated by Equation 2-4:

S = 5,280 fej (2-4)

where d = 5,280 x L

f < sM*

Note: Reference, Pima County Department of Transportation and Flood

Control District, September 1979.

and dj = an incremental change in length, in feet, along the longest

flowpath and

Hj = an incremental change in elevation, in feet, for each length

segment, dj.

The resistance coefficient (Kj,) is selected from Table 2-1. Use of Table 2-1 requires

a classification as to the landform and a determination of the nature of runoff; whether

in a defined drainage network of rills, gullies, channels, etc., or predominantly as

overland flow.
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TABLE 2-1
RESISTANCE COEFFICIENT (Kb) FOR USE WITH THE

RATIONAL METHOD T EQUATION

Description of Landforro

Mountain, with forest and dense ground
cover
(overland slopes - 50% or greater)

Mountain, with rough rock and boulder cover
(overland slopes - 50% or greater)

Foothills
(overland slopes - 10% to 50%)

Alluvial fans, Pediments and RangeEand
(overland slopes - 10% or less)

Irrigated Pasture a

Tilled Agricultural Fields a

URBAN
Residential, L is less than 1,000 ftb

Residential, L is greater than 1 ,000 ftb

Grass; parks, cemeteries, etc. a

Bare ground; playgrounds, etc. a

Paved; parking lots, etc. a

%

| Defined
i Drainage

Network

0.15

0.12

0.10

0.05

—

—

0.04
0.025

Overland Flow
Only

0.30

0.25

0.20

0.10

0.20

0.08

0.20
0.08
0.02

Notes: a - No defined drainage network.
b - L is length in the Tc equation. Streets serve as drainagae network.
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The solution of Equation 2-2 is an iterative process since the determination of (i)

requires the knowledge of the value of Tc. Therefore, Equation 2-2 will be solved by

a trial-and-error procedure. After L, K^ and S are estimated and after the appropriate

I-D-F graph is selected or prepared, a value for Tc will be estimated (a trial value) and

(i) will be read from the I-D-F graph for the corresponding value of duration = Tc. That

(i) will be used in Equation 2-2 and Tc will be calculated. If the calculated value of Tc

does not equal the trial value of Tc, then the process is repeated until the calculated

and trial values of Tc are acceptably close (a difference of less than 10 percent should

be acceptable).

2.2,6 Selection ©f Runoff Coefficient (C)

The runoff coefficient (C) is selected from Figore 2-3 through Figure 2-8 depending

on the classification of the nature of the watershed. Figure 2-3 is the C graph to be

used for urbanized (developed) watersheds. Select the appropriate curve in Figure

2-3 based on an estimate of the percent of effective impervious area in the

watershed. Effective impervious area is that area that will drain directly to the outlet

without flowing over pervious area (Refer to Chapter 3 - Rainfall Losses, 3.1.1 and

Table 3-3, for discussion of effective impervious areas.) Figure 2-4 through Figure

2-8 are to be used for undeveloped (natural) watersheds in Arizona, and the C graphs

are shown as functions of Hydrologic Soil Group (HSG) and percent vegetation cover.

The Hydrologic Soil Group is used to classify soil according to its infiltration rate. The

Hydrologic Soil Groups, as defined by USDA, Soil Conservation Service (SCS), 1972

are:

HSG Definition

A Soils having high infiltration rates even when thoroughly wetted and consisting

chiefly of deep, well to excessively drained sands and gravels. These soils

have a high rate of water transmission.

B Soils having moderate infiltration rates when thoroughly wetted and consisting

chiefly of moderately deep to deep, moderately well to well drained soils with

moderately fine to moderately coarse textures. These soils have a moderate

rate of water transmission.
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HSG Definition

C Soils having stow infiltration rates when thoroughly wetted and consistinp

chiefly of soils with a layer that impedes downward movement of water, o

soils with moderately fine to fine texture. These soils have a slow rate of

water transmission.

D Soils having very slow infiltration rates when thoroughly wetted and consisting

chiefly of clay soils with a high swelling potential, soils with a permanent high

water table, soils with a claypan at or near the surface, and shallow soils over

nearly impervious material. These soils have a very slow rate of water

transmission.

The percent vegetation cover is the percent of land surface that is covered by

vegetation. Vegetation cover is evaluated on plant basal area for grasses and forbs,

and on canopy cover for trees and shrubs (see Appendix C).

Information on Hydrologic Soil Group and percent vegetation cover can usually be

obtained from the detailed soil surveys that are prepared by the SCS. When detailed

soil surveys are not available for the watershed, then the general soil maps and

accompanying reports by the SCS for each county in Arizona are to be used. A site

visit is encouraged to confirm watershed and soil conditions.

ft may be required to select the appropriate C value for existing conditions and

another C value for anticipated future conditions, if the watershed is undergoing

development. Estimation of peak discharges for various conditions of development

in the drainage area or for different periods will also require separate estimates of Tc

for each existing or assumed land-use condition and for each flood return period.
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2.2.7 Estimation of Hydrograph Shape

This procedure is to be used where routing of the storm inflow through the drainage

structure is desired, such as for the design of a detention basin or pump station. The

procedure is based on synthesizing a hydrograph from the peak discharge estimated

by the Rational Method and by the use of some dimensionless hydrograph shapes

from TR-55 (Soi! Conservation Service, 1986). Two sets of dimensionless

hydrographs are provided; one set is for use with urbanized watersheds (Table 2-2),

and the other set is for use with undeveloped watersheds (Table 2-3). Both sets of

dimensionless unit hydrographs are functions of Tc.
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TABLE 2-2
URBAN WATERSHED - COORDINATES {q ) OF DIMENSIONLESS

HYDROGRAPH TO BE USED WITH THE RATIONAL METHOD

Time

hours

0.0
1.0
1.3
1.6
1.9
2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
3.0
3.2
3.4
3.6
3.8
4.0
4.3
4.6
5.0
5.5
6.O
6.5
7.0
7.5
8.0
9.0
10.0
12.O
16.O

q^ values, in cfs/inch runoff

T , in hours
c

0.17

0
34
34
S3
334
647
1010
623
217
147
123
104
86
76
66
57
51
46
42
38
34
32
29
26
23
21
20
19
18
15
13
12
0

.18- .25

0
23
31
47
209
4O3
739
8OQ
481
250
166
128
102
86
7O
61
54
49
44
40
35
33
30
27
24
21
20
19
18
16
13
12
0

.26 - .35

0
20
28
41
118
235
447
§76
676
459
283
196
146
114
8O
66
57
51
46
42
37
33
31
28
24
22
20
19
18
16
13
12
0

.36 - .45

0
18
25
36
77
141
271
468
592
574
431
298
216
163
104
77
63
55
49
44
38
34
31
28
25
22
21
20
18
16
14
12
0

.46 - .62

0
17
23
32
57
94
170
308
467
I2§
507
402
297
226
140
96
74
61
S3
47
41
36
32
29
26
23
21
20
19
16
14
12
O

.63 -.88

0
13
18
24
36
46
68
115
194
294
380
424
410
369
252
172
123
93
74
61
49
41
35
31
27
24
22
20
19
17
15
12
0

.89- 1.12

0
11
15
20
29
35
47
72
112
168
231
289
329
367
313
239
175
133
103
83
63
50
40
33
29
26
23
21
20
17
15
12
O

1.13- 1.38

0
10
13
18
25
29
38
54
81
118
163
213
256
284
311
266
212
163
129
1O4
78
61
47
37
31
27
24
22
20
18
16
12
1

1.39- 1.75

0
9

11
15
21
25
31
41
58
82
112
147
184
216
255
275
236
198
159
129
98
76
57
43
35
30
25
23
21
18
16
12
1

1.76-2.5

0
7
S
12
16
18
21
27
36
49
64
82
104
127
171
201
226
205
193
171
132
105
79
58
45
36
30
26
23
20
17
13
3

Reference: TR-55 (1986), Exhibit 5-H for IA/P = 0.10 and Travel Time = 0.0

Notes:
a - Time is the TR-55 hydrograph time minus 10 hours.
b - The maximum unit peak discharge, q , is underlined for each hydrograph.

Tnex
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TABLE 2-3
UNDEVELOPED WATERSHED - COORDINATES (qt) OF DIMENSIONLESS

HYDROGRAPH TO BE USED WITH THE RATIONAL METHOD

Time

hours

0.0

1.0
1.3
1.6
1.9
2.O
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
3.O
3.2
3.4
3.6
3.8
4.0
4.3
4.6
5.0
5.5
6.O
6.5
7.0
7.5
8.0

9.0
10.0
12.0
16.0

b
q^ values, in cfs/inch runoff

T , in hours
c

0.17

0
O
O
0
O

7O
538
377
196
171
154
134
117
108
99
89
83
77
72
67
61
59
56
51
46
43
42
40
38
34
30

28
0

.18 -.25

0
0
0
0
0
7

98
371
322
221
182
158
137
120
104
94
86
80
74
69
62
60
57
52
47
44
42
40
39
35
30
28
O

.26 - .35

0
0
0
0
0
1

25
151
299
277
219
187
162
141
113
100
90
84
73
72
65
61
58
53
48
44
42
41
39
35
31
28
O

.36 - .45

0

0
0
0
0
0
7

59
168
245
267
213
186
163
128
1O9
96
88
81
75
67

62
58
54
50
45
43
41
39
35
31
28
0

.46 - .62

0
0
0
0
0
0
2

26
89

170
217
229
200
179
144
119
1O4
93
85
78
70
64
59
55
51
46
43
41
40
36
32
28
0

.63 -.88

0
0
0
0

0
O
0
2

16
45
92

137
166
18S
170
146
125

110
98
89
79
70
63
58
53
48
44
42
41
37
33
28
0

.89- 1.12

O

0
0
0
0
O
O
1
7

21
42
71

101
126
.160
154
138
123
110
100
87
77
67
60
55
SO
46
43
41
38
34

28
1

1.13- 1.38

0
0
0
O
0
0
O
1
5

13
26
44
68

91
125
142
142
128
117
107
94
83
72
63
57
52
47
44
42
38
34
28
2

1.39- 1.75

0

O
O
0
O
O
O
0
3
8

16
27
42
59
92

116
128

!S>
121
112
100

90
78
67
60
55
SO
46
43
39
35
29
4

1.76-2.5

0
0
0
O
0
0
0
0
1
4
8

13
20
28
51
73
92

104
111
112
106

97
86
75
66
60
54
49
46
40
37
30
'7

Reference: TR-55 (1986), Exhibit 5-Ii for IA/P = 0.10 and Travel Time = 0.0

Notes:
a - Time is the TR-55 hydrograph time minus 10 hours.
b - The maximum unit peak discharge, q , is underlined for each hydrograph.

Srax
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2.3 INSTRUCTIONS

A. For estimating peak discharge:

1. Determine the size of the contributing drainage area (A), in acres.

2. Decide whether the generalized I-D-F graphs will be used or whether a site-

specific I-D-F graph will be developed.

a.) If the generalized I-D-F graphs are to be used, determine the Zone from

. Figure 1-1 of Chapter 1 - Rainfall. Use the I-D-F graph of Figyre 2-1

if the watershed is in Zone 6, and use Figure 2-2 if the watershed is in

Zone 8.

b.) If a site-specific I-D-F graph is to be used, develop the I-D-F graph by

procedures in Chapter 1 - Rainfall.

3. Select the desired return period(s).

4. Determine the 1-hour rainfall depth (P.,) for each return period.

Note: P1 = 1-hr rainfall intensity times 1 hour.

5. Estimate the time of concentration (Tc), for each return period, by Equation 2-

2.

6. Select the rainfall intensity (i) from the I-D-F graph at a duration equal to Tc

which is the value of (i) used in the solution of Equation 2-2 (but not less than

10 minutes).

7. Estimate C:

a.) If the watershed is developed, use Figure 2-3. This will require an

appraisal of development type and percent effective impervious area.

C is selected as a function of P1 and type of development.
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b.) If the watershed is undeveloped, use Figures 2-4 through 2-8. This will

require an appraisal of Hydroiogic Soil Group (HSG), A through D, from

Soil Conservation Service (SCS) soils reports, and an estimate of

percent vegetation cover. C is selected as a function of P.,, and HSG-

percent vegetation cover.

8. Calculate the peak discharge by Equation 2-1.

B. For estimating a runoff hydrograph:

1. Calculate Q according to the above instructions.

2. Select the appropriate dimensionless hydrograph coordinates to use from

Table 2-2 or Table 2-3. The selection is based on Tc (round to the nearest

Tc value in the tables) and on whether the drainage area is urbanized or

undeveloped.

3. Read the maximum unit peak discharge, q^ , for the selected dimensionless

hydrograph and computed Tc value in either Table 2-2 or Table 2-3.

4. Calculate: /C= Q/qtmax

5. Tabulate the time and c^ values from either Table 2-2 or Table 2-3 and multiply

each qt by K

q = Kqt

6. Plot the hydrograph discharge (q) versus time.

7. Draw a smooth hydrograph. This may require extending the rising limb of the

hydrograph to intersect the 0 discharge axis.
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FIGURE 2-3
RATIONAL "C" COEFFICIENT
DEVELOPED WATERSHEDS

AS A FUNCTION OF RAINFALL DEPTH AND TYPE OF DEVELOPMENT
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FIGURE 2-4
RATIONAL "C" COEFFICIENT

DESERT
(CACTUS, GRASS & BRUSH)

AS A FUNCTION OF RAINFALL DEPTH, HYDROLOGIC SOIL GROUP (HSG),
AND % OF VEGETATION COVER.
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FIGURE 2-5
RATIONAL "C" COEFFICIEMT

UPLAND RANGELAND
(GRASS & BRUSH)

AS A FUNCTION OF RAINFALL DEPTH, HYDROLOGIC SOIL GROUP (HSG),
AND % OF VEGETATION COVER
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FIGURE 2-6
RATIONAL "C" COEFFICIENT

MOUNTAIN
(GRASS & BRUSH)

AS A FUNCTION OF RAINFALL DEPTH, HYDROLOGIC SOIL GROUP (HSG),
AND % OF VEGETATION COVER
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FIGURE 2-7
RATIONAL "C" COEFFICIENT

MOUNTAIN
(JUNIPER & GRASS)

AS A FUNCTION OF RAINFALL DEPTH, HYDROLOGIC SOIL GROUP (HSG),
AND % OF VEGETATION COVER
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FIGURE 2-8
RATIONAL "C" COEFFICIENT

MOUNTAIN
(PONDEROSA PINE)

AS A FUNCTION OF RAINFALL DEPTH, HYDROLOGiC SOIL GROUP (HSG),
AND % OF VEGETATION COVER
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EXAMPLE 2-1 Page 1 of 5

Problem:

Calculate the 100-year peak discharge and estimate the runoff hydrograph for a 60

acre, single-family residential (about 20% effective impervious area) watershed in

Phoenix. The following are the watershed characteristics:

A = 60 acres

S = 25 ft/mi

L = 0.7 mi

The following were obtained for the watershed:

P1 = 2.5 inches from the NOAA Atlas (Appendix B)

1̂  = .025 from Table 2-1

C a .65 from Figure 2-3

Solution:

This example is solved using A) a site-specific I-D-F graph, and B) using the

generalized I-D-F graph.

A) Using the site specific I-D-F graph (shown):

Solve for Tc:
V.38

Tc = 11.4(.7-5)(.025-52)(25-'31)r-38

co ;-.38—

Trial Tc, hr

.75

.30

.27

i, En/hr

3.0

5.4

5.8

Calculated T^hr

.34

.27

.26 OK
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EXAMPLE 2-1 Page 3 of 5

Calculate Q:

Q = CiA

= (.65)(5.8)(60)

= 226 cfs

B) Using the generalized I-D-F graph (Figure 2-2 for Zone 8):

Solve for Te:

Tc = .52 i--38

Trial Tc, hr

.33 (20 minutes)

27 (16 minutes)

i, in/hr

52.

5.8

Calculated Tc, hr

28

27 OK

Calculate Q:

Q = CiA

= (.65)(5.8)(60)

= 226 cfs

The hydrograph shape is calculated using the Q that was calculated using the site-specific

I-D-F graph.
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EXAMPLE 2-1 Page 4 of 5

Estimate the hydrograph shape:

Use the urban, dimensionless hydrograph from Table 2-2 for Tc = .26 to .35 hr.

676
= .33

Tabulated
Time

tir

1 1-°
1.3
1.6
1.9
2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
3.0
3.2
3.4
3.6
3.8
4.0
4.3
4.6
5.0
5.5
6.0
6.5
7.0
7.5
8.0
9.0

10.0
12.0
16.0

Drmensfonfess
ttydrograph

*

<&

20
28
41

118
235
447
676
676
459
283
196
146
114
80
66
57
51
46
42
37
33
31
28
24
22
20
19
18
16
12
12
0

Bunoff
Hydrograph

% = KQt

cfs

7
9

14
39
79

149
226
226
153
95
66
49
38
27
22
19
17
15
14
12
11
10
9
8
7
7
6
6
5
4
4
0

; Average
Dischaige

'' - %*4/*i -
2 g

: -cfs *

8
12
27
59

114
188
226
190
124
81
58
44
33
25
21
18
16
14
13
12
10
10
8
8
7
6
6
6
4
4
2

Volume
Calculation

?|«)

ds-hr

2.4
3.6
8.1
5.9

11.4
18.8
22.6
19.0
12.4
8.1
5.8
4.4
6.6
5.0
4.2
3.6
3.2
2,8
3.9
3.6
4.0
5.0
4.0
4.0
3.5
3.0
3.0
6.0
4.0
8.0
8.0

207.9 cfs-hr
(17.2 ac-ft)

MARCH 1993 2-25



EXAMPLE 2-1

PEAK DISCHARGE

Page 5 of 5

225

200

175

150

o

•~ 125

o>
O

JZ
O

5 100

75

50

25

Peak Discharge = 226 cfs

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

MARCH 1993 2-26



CHAPTER 3

RAINFALL

3.T INTRODUCTION

3.1.1 General Discussion

Rainfall excess is that portion of the total rainfall depth that drains directly from the

land surface by overiand flow. By a mass balance, rainfall excess plus rainfall losses

equals precipitation.

This chapter is only applicable when performing rainfall-runoff modeling with the HEC-

1 program. The design rainfall is determined from the procedures in the Rainfall

section, and this chapter provides procedures to estimate the runoff from the applied

rainfall. When using the Rational Method, it is not necessary to estimate rainfall

tosses by the procedures in this chapter because the "C" factor accounts for the effect

of rainfall loss on the peak discharge and runoff volume.

One of two methods shall be used to estimate rainfall losses; the primary method is

to be used for the majority of cases, and the secondary method is to be used only for

special cases when it is determined that the primary method is inappropriate. The

primary method requires the estimation of the surface retention loss (Table 3-1) and

the estimation of the rainfall infiltration loss by the Green and Ampt equation. The

Green and Ampt equation parameters are estimated as a function of soil texture

(Table 3-2). This classification system places soil into one of 12 texture classes

based on the size gradation of the soil according to percentage sand, silt, and clay

(Figure 3-1). One of the Green and Ampt equation parameters (hydraulic

conductivity) can be adjusted for the effects of vegetation ground cover (Figure 3-2).

Correction for vegetation ground cover is not to be made if the soil is either sand or

loamy sand, and this is because the use of such a correction could result in

overestimation of the losses due to infiltration.
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TABLE 3-1

SURFACE RETENTION LOSS FOR VARIOUS LAND SURFACES IN ARIZONA
(To be used with the Green and Ampt Infiltration Equation

for estimating rainfall losses.)

Surface Retention Loss (IA)
Land-use and/or Surface Cover inches

Natural

Desert and rangeland, flat slope .35

Desert and rangeland, hill slopes .15

Mountain, with vegetated surface .25

Developed (Residential and Commercial)

Lawn and turf .20

Desert Landscape . 1 0

Pavement .05

Agricultural

Tilled fields and irrigated pasture .50
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TABLE 3-2

GREEN AND AMPT INFILTRATION EQUATION LOSS RATE PARAMETER VALUES
FOR BARE GROUND

Soil Texture

Classification

(1)

sandb

loamy sand

sandy loam

loam

silt loam

silt

sandy clay loam

clay loam

silty clay loam

sandy clay

silty clay

clay

Dry

(2)

.35

.35

.35

.35

.40

.35

.25

.25

.30

.20

.20

.15

DTHETA3

Normal

(3)

.30

.30

.25

.25

.25

.15

.15

.15

.15

.10

.10

.05

Saturated

(4)

0

0

0

0

0

0

0

0

0

0

0

0

XKSAT

in/hr

(5)

4.6

1.2

.40

.25

.15

.10

.06

.04

.04

.02

.02

.01

PSIF

inches

(6)

1.9

2.4

4.3

3.5

6.6

7.5

8.6

8.2

10.8

9.4

11.5

12.4

a Selection of DTHETA:
Dry - for nonirrigated lands such as desert and rangeland

Normal - for irrigated lawn, turf, and permanent pasture
Saturated - for irrigated agricultural lands

b The use of the Green and Ampt Infiltration Equation for drainage
areas or subbasins that are predominantly sand should be avoided
and the IU-ULR method should be used.
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FIGURE 3-1

SOIL TEXTURE CLASSIFICATION

TRIANGLE

100

ty

Reference: U.S. Department of Agriculture

Definitions: Clay - mineral soil particles less than 0.002 mm in diameter.
Silt - mineral soil particles that range in diameter from 0.002 mm

to 0.05 mm.
Sand - mineral soil particles that range in diameter from 0.05 mm

to 2.0 mm.

Example: Point A is a soil composed of 40% sand, 35% silt, and 25% clay. It is
classified as a loam.
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The secondary method requires the estimation of the initial loss and an uniform loss

rate (IL+ULR method). The secondary method is to be used for watersheds or

subbasins where rainfall losses are known to be controlled by factors other than soil

texture and vegetation cover, or for watersheds that are predominantly composed of

sand; for example, the land surface of upland watersheds of the San Francisco

Mountains near Flagstaff are generally composed of volcanic cinder overlain by forest

duff and the Green and Ampt equation is not appropriate. Infiltration is not controlled

by soil texture in such watersheds and infiltration rates may be as high as 5 inches per

hour or more. Use of the secondary method requires adequate data or appropriate

studies to verify the IL+ULR parameters or to calibrate the model of the watershed.

Both the primary and the secondary methods require the estimation of the impervious

area of the watershed. Impervious area (or nearly impervious area) is composed of

rock outcrop, paved roads, parking lots, roof tops, and so forth. When performing

watershed modeling with the HEC-1 program, the impervious area is to be the effective

(directly connected) impervious area (see definitions). For urbanized areas, the

effective impervious area should be estimated from aerial photographs with guidance

as provided in Table 3-3. For areas that are presently undeveloped but for which flood

estimates are desired for future urbanized conditions, estimates of effective impervious

area should be obtained based on regional planning and land-use zoning as determined

by the local jurisdiction. Estimates of the effective impervious area for urbanizing areas

should be selected from local guidance, if available, along with the general guidance

that is provided in Table 3-3. For undeveloped areas, the effective impervious area is

often 0 percent. However, in some watersheds there could be extensive rock outcrop

that would greatly increase the imperviousness of the watershed. Care must be

exercised when estimating effective impervious area for rock outcrop. Often the rock

outcrop is relatively small (in terms of the total drainage area) and is of isolated units

surrounded by soils of relatively high infiltration capacities. Relatively small, isolated

rock outcrop should not be considered as effective impervious area because runoff

must pass over pervious surfaces before reaching the point of discharge concentration.

For watersheds that have significant, contiguous rock outcrop, it may be necessary to

establish those areas as subbasins so that the direct runoff can be estimated and then
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routed (with channel transmission losses, if appropriate) to the point of interest. Paved

roads through undeveloped watersheds will not normally contribute to effective

impervious area unless the road serves as a conveyance to the watershed outlet.

TABLE 3-3

GENERAL GUIDANCE FOR SELECTING
EFFECTIVE IMPERVIOUS AREA (RTIMP)

Effective Impervious Area, in percent

Land-Use

(1)

Single-Family Residential

1/4 acre

1/3 acre

1/2 acre

1 acre

2 acres

Multi-Family Residential

Commercial

Industrial

Mean

(2)

30

22

17

14

12

54

85

59

Range

(3)

23-38

15-30

9-25

8-20

7-20

42-65

51-98

46-72

3.2 PROCEDURE

3.2.1 General Considerations

1. Infiltration is the movement of water from the land surface into and through the

upper horizon of soil. Percolation is the movement of water through the

underlying soil or geologic strata subsequent to infiltration. Infiltration can be

controlled by percolation if the soil does not have a sustained drainage

capacity to provide access for more infiltrated water. However, the extent by

which percolation can restrict infiltration for design rainfalls in Arizona needs

to be carefully considered. For example, shallow soils with high infiltration

rates that overlay nearly impervious material can be placed in hydrologic soil

group D in SCS soil surveys. The soil texture, vegetation cover, and depth of
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the surface horizon of soil and the properties of the underlying horizons of soil

need to be considered when estimating the infiltration rate. Surface soils that

are more than 6 inches thick should generally be considered adequate to

contain infiltrated rainfall for up to the 100-year rainfall in Arizona without the

subsoil restricting the infiltration rate. This is because most common soils have

porosities that range from about 25 to 35 percent, and therefore 6 inches of

soil with a porosity of 30 percent can absorb about 1.8 inches (6 inches times

30 percent) of rainfall infiltration. It is unlikely that more soil moisture storage

is needed for storms up to the 100-year return period in Arizona. Accordingly,

in estimating the Green and Ampt infiltration parameters in Arizona, for up to

the 100-year rainfall, the top 6 inches of soil should be considered. If the top

6 inch horizon is uniform soil or nearly uniform, then select the Green and

Ampt parameters (Table 3-2) for that soil texture. If the top 6 inch horizon is

layered with different soil textures, then select the Green and Ampt parameters

(Table 3-2) for the soil texture with the lowest hydraulic conductivity (XKSAT).

2. Parameter values for design should be based on reasonable estimates of

watershed conditions that would minimize rainfall losses. The estimate of

impervious area (RTIMP) for urbanizing areas should be based on ultimate

development in the watershed.

3. Two sources of information are to be used to classify soil texture for the

purpose of estimating Green and Ampt infiltration equation parameters. The

primary source that is to be used for the watershed, when it is available, are

the detailed soil surveys that are prepared by the USDA, Soil Conservation

Service (SCS). When detailed soil surveys are not available for the watershed,

then the general soil maps and accompanying reports prepared by the SCS for

each county in Arizona are to be used.
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4. Most drainage areas or modeling subbasins will be composed of several

subareas containing soils of different texture; and therefore, there may be the

need to determine composite values for the Green and Ampt parameters to be

applied to the drainage areas or each modeling subbasin. The procedure that

is to be used is to average the area-weighted logarithms of the individual

subarea XKSAT values and to select the PSIF and DTHETA values from a

graph.

The composite XKSAT is calculated by Equation 3-1:

= antilog
Af log XKSAT;- (3-1)

where 'XKSAT = composite hydraulic conductivity (XKSAT), in inches/hour,

XKSAT; = hydraulic conductivity (Table 3-2) of the soil in a subarea,

in inches/hour.

AJ = size of a subarea, and

Ar = size of the drainage area or modeling subbasin.

After XKSAT is calculated, the values of PSIF and DTHETA (normal or dry)

are selected from Figure 3-3 at the corresponding value of XKSAT.

5. The composite values for PSIF and DTHETA (Figure 3-3) are determined from

the composite value of XKSAT prior to making the correction of XKSAT for

vegetation cover. Correction of XKSAT for vegetation cover (Figure 3-2) is

made after the composite value of XKSAT is determined (Equation 3-1).

6. There are conceptual and computational differences between the Green and

Ampt infiltration equation method and the IL+ULR method for estimating rainfall

losses. When using the IL+ULR method, the initial loss (STRTL) is defined
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FIGURE 3-3

COMPOSITE VALUES OF PSIF AND DTHETA AS A FUNCTION OF ~XKSKT

(To be used for Area Weighted Averaging of Green and Ampt Parameter Values)
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as the sum of surface retention loss (IA) plus initial infiltration loss that accrues

before surface runoff is produced, and this is equivalent to initial abstraction

(see definitions). When using the Green and Ampt infiltration equation method,

the initial abstraction is_ calculated based on the input of both the surface

retention loss (IA) and the infiltration parameters (XKSAT, PSIF, and DTHETA).

7. When using the IL+ULR method, both the initial loss (STRTL) and the uniform

loss rate (CNSTL) must be estimated. Because this method is to be used for

special cases where infiltration is not controlled by soil texture or for drainage

areas and subbasins that are predominantly sand, the estimation of the

parameters will require model calibration, results of regional studies, or other

valid techniques. It is not possible to provide complete guidance in the

selection of these parameters, however, some general guidance is provided.

a Because this method is only to be used for special cases, the uniform

loss rate (CNSTL) will either be very low for nearly impervious surfaces

or possibly quite high for exceptionally fast draining (porous) land

surfaces. For land surfaces with very low infiltration rates, the value of

CNSTL will probably be 0.05 inches per hour or less. For sand, a

CNSTL of 0.5 to 1.0 inch per hour or larger would be reasonable.

Higher values of CNSTL for sand and other surfaces are possible,

however use of high values of CNSTL will require special studies.

b. The selection of the initial loss (STRTL) can be made on the basis of

calibration or special studies at the same time that CNSTL is estimated.

Alternatively, since STRTL is equivalent to initial abstraction, STRTL can

be estimated by use of the SCS CN equations for estimating initial

abstraction, written as:

STRTL = - 2 (3-2)
CN ^ '
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Estimates of CN for the drainage area'or subbasin should be made by referring

to various publications of the SCS, particularly TR-5S. Equation 3-2 should

provide a fairly good estimate of STRTL in many cases, however its use will

to be judiciously and in all

3.2.2 Applications and Limitations

The Green and Ampt infiltration equation, with an of the

retention loss can be to rainfall for most of Arizona with

confidence. Most in Arizona are loamy sandy loam, loam, or silt for

which the Green and Ampt infiltration equation from Table 3-2 should

apply. Silt, as a soil texture, is relatively rare and it is not expected that significant

will be encountered. The finer soil textures (those with "clay" in the

classification name) occur in Arizona but not usually over large however,

soils have relatively low infiltration rates (XKSAT). Use of the Green and Ampt

infiltration equation parameters for the finer soil textures may be somewhat

conservative, and therefore their use should be for most flood

estimation purposes. Sand, as a soil texture, is also relatively rare and it has a very

high infiltration rate (XKSAT). Therefore, when encountering large areas that have

soils that are classified as sand, it is possible that estimates of rainfall losses with the

Green and Ampt equation would be too large and the IL+ULR method should be used

Ideally, rainfall-runoff data or streamgage data would be available for model calibration

of loss rate parameters in those cases. Alternatively, regional studies or extrapolation

of results from similar watersheds can be used to estimate the IL+ULR parameters for

sand.

In general, the Green and Ampt infiltration equation with an estimate of the surface

retention loss should be used for most drainage areas in Arizona The IL+ULR

method should be used for drainage areas where soil texture does not control the

infiltration rate (such as volcanic cinder) or where the soil texture of the drainage area

is predominantly sand. Calibration data or results of regional studies are necessary

to justify the selection of parameters for the IL-fULR method.
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3.2.3 Determination of Soi! Texture

• The normal method to estimate infiltration losses requires the classification of soil

according to soil texture (Figure 3-1). Two sources of information are available in

Arizona to determine the soil texture. The following procedure should be

when determining soil texture from these sources.

3.2.3.1 SCS Soil Survey: For limited areas of Arizona:

1. Locate the watershed boundaries and subbasin boundaries on the detailed soil

maps.

2. List the map symbol and soil name for each soil that is contained within the

watershed boundaries.

3. Read the description of each of the soil series and each mapping unit. Try to

identify the soil texture that best describes each soil (or the top 6 inches of

layered soils).

4. Consult soil properties tables of the soil survey, and from the columns for soil

depth and dominant texture, make the final selection of soil texture that will

control the infiltration rate. The size gradation data that is provided in the

tables can also be used to assist in selecting the soil texture. Many of the soils

in Arizona contain significant quantities of gravel, and the adjective "gravelly,"

when used in conjunction with the soil texture, can either be disregarded when

it is used in conjunction with "sandy," that is, gravelly sandy loam can be taken

as equivalent to sandy loam; or "gravelly" can be used as a replacement for

"sandy" when used alone, that is, gravelly clay can be taken as equivalent to

sandy clay. Similarly, adjectives such as "very fine" and "very coarse," usually

used in association with sand, can be disregarded in determining soil texture

classification.
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3.2.3.2 General Soil Map: For each County in Arizona:

1. Locate the watershed boundaries and subbasin boundaries on the general soil

map. (Since these maps are 1:500,000 scale, it may only be possible to locate

the watershed.)

2. identify the soil association(s) from the map.

3. Read the description of each soil which will identify the soil texture and soil

depths.

4. Consult the soil properties tables of the general soils report, and from the

columns for soil depth and texture make the final selection of soil texture that

will control the infiltration rate. Comments regarding the use of adjectives such

as "gravelly," and "very fine" or "very course" are the same as item 4 above.

3-3 IMSTRUCTiONS

3.3.1 Green and Ampt Infiltration Equation based on Soil Texture

1. Prepare a base map of the drainage area delineating modeling subbasins, if

used.

2. Delineate subareas of different soils on the base map. Determine the soil

texture for each subarea and also assign a land-use or surface cover to each

subarea

3. Determine the size of each subbasin and size of each subarea within each

subbasin.

4. Estimate the impervious area (RTIMP) for each subarea (Table 3-3).

5. Calculate the area weighted RTIMP for the drainage area or each subbasin.
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6. Estimate the surface retention loss (IA) for the drainage area or each subarea

(Table 3-1).

7. Calculate the area weighted value of IA forthe drainage area or each subbasin.

8. If the drainage area or subbasin consists of soil of the same textural class, then

select XKSAT, PSIF, and DTHETA for that soil texture (Table 3-2). Proceed

to Step 10.

9. If the drainage area or subbasin consists of subareas of different soil textura!

classes, then calculate the composite value of XKSAT (Equation 3-1), and

select the composite values of PSIF and DTHETA (Figure 3-3).

10. Estimate the percent vegetation cover and determine the hydraulic conductivity

(XKSAT) correction factor (Ck) (Figure 3-2).

11. Apply correction factors (Ck) from Step 10 to the value of XKSAT from either

Step 8 or Step 9.

12. The area weighted values of RTIMP, IA, XKSAT, PSIF, and DTHETA for the

drainage area or each subbasin are entered on the LG record of the HEC-1

input file.

3.3.2 Initial Loss plus Uniform Loss Rate (tUUl.R)

The following method can be used only when it is known that soil texture does not

control infiltration rate. This method must be used with adequate calibration or

verification to justify the use of uniform loss rates that may exceed the hydraulic

conductivities shown in Table 3-2.

1. Prepare a base map of the drainage area delineating modeling subbasins, if

used.
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2. Delineate subareas of different infiltration rates (uniform loss rates) on the base

map. Assign a land-use or surface cover to each subarea.

3. Determine the of subbasin and of each subarea within

subbasin.

4. Estimate the impervious area (RTIMP) for the drainage area or each subarea

(Table 3-3).

5. Estimate the initial loss (STRTL) for the drainage area or each subarea by

regional studies or calibration. Alternatively, Equation 3-2 can be used to

estimate or to check the value of STRTL.

6. Estimate the uniform loss rate (CNSTL) for the drainage area or each subarea

by regional studies or calibration.

7. Calculate the area weighted values of RTIMP, STRTL, and CNSTL for the

drainage area or each subbasin.

8. The area weighted values of RTIMP, STRTL, and CNSTL for the drainage area

or each subbasin are entered on the LU record of the HEC-1 input file.
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EXAMPLE 3-1

ESTIMATION OF RAINFALL LOSS PARAMETERS
_J=OR J3REEN AND AMPT METHOD, YOUNGTOWN, ARIZONA

Problem:

The rainfall loss parameters are estimated for a 0.13 square mile drainage area in

Youngtown, Arizona. A drainage area is delineated on a topographic map, as shown

in the accompanying figure. The drainage area is nearly all single-family residential

with about 1/4 acre or slightly smaller lot size. About 50 percent of the residential lots

are irrigated turf, although some lawns are in poor condition and the vegetation cover

is estimated as 75 percent. The other 50 percent of the residential lots are desert

landscaped.

The rainfall loss parameters are estimated as follows:

1. RTIMP is 30 percent for 1/4 acre lot size (Table 3-3).

2. IA is based on 50 percent lawn (IA = .20 inch) and 50 percent desert

landscape (IA = .10 inch) (Table 3-1). The area-weighted IA is:

IA = (.20)(.50) + (.10)(.50) = .15 inch.

3. The soil composition of the watershed and soil texture classifications are as

follows:

Soil
Symbol

LcA

PeA

Vf

Sol! Name

Laveen loam

Perryvilte gravelly loam

Vecont clay

HydroSogle
Soli Group

B

B

D

Soil
Texture

loam

sandy loam

clay

XKSAT
(Table 3-2)

.25

.40

.01

%
Area

50

38

12

4. The composite value of XKSAT is calculated (Equation 3-1):

"XKSKT = antilog [(.50)log.25 + (.38)log.40 + (.12)log.01]

"XKSAT = .20 in/hr
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5. The composite values of PSIF and DTHETA are estimated (Figure 3-3):

PSIF = 5.3 inches

DTHETA = .25 for lawn (50%)

= .37 for desert landscaping (50%)

= (.25)(.50) + (.37)(.50)

= .31

6. The vegetation correction factor (Ck) (Rgure 3-2) is calculated based on 50

percent lawn at 75 percent cover.

VC = (.50)(75) = 38 percent

Ck = .011 (38) + .89

= 1.31

7. The ^KKSAT is adjusted for vegetation cover:

XKSAT = (1.31)(.20) = .26in/hr

8. The LG record is coded as follows:

LG, lA, DTHETA, PSIF, XKSAT, RTIMP

LG, .15, .31,5.3, .26,30
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YOUNGTOWN WATERSHED

(Example 3-1)
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o

YOUNGTOWN
WATERSHED
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EXAMPLE 3-2

AREA WEIGHTED AVERAGE GREEN AND AMPJ PARAMETERS
FOR THE SUBBASIN NEAR BUCKEYE, ARIZONA

Problem:

Determine the area weighted average Green

and Ampt parameters for the subbasin near

Buckeye, Arizona. Adjust XKSAT for 20 percent

vegetation coverage.

Solution:

Use of the SCS Soil Survey of Maricopa

County, Arizona, Central Part and planimetering

of subareas result in the following:

Soil
Symbol

GYD
AGE
HLC
PYD
CY

TSC
PRB
TB
AbA

Soil Name

Gunsight- Rillito Complex
Antho - Carizo Complex

Harqua - Gunsight Complex
Pinamt - Tremant Complex

Coolidge - Laveen Association
Tremant- Rillito Complex
Perryville - Rillito Complex

Torrifluvents
Antho Sandy Loam

Textural
Class

Sandy Loam
Sandy Loam
Clay Loam
Sandy Clay Loam
Sandy Loam
Sandy Clay Loam
Sandy Loam
Loamy Sand
Sandy Loam

XKSAT
in/hr

(Table 3-2)

.40

.40

.04

.06

.40

.06

.40
1.20

L— _-^P___

il

Area
Sq. Mi.

.32

.29
2.4
.07
.02
.02
.01
.01
.01

Total Area = .99

Area of Sandy Loam (XKSAT = .40)
Area of Sandy Clay (XKSAT = .06)
Area of Clay Loam (XKSAT = .04)
Area of Loamy Sand (XKSAT = 1 .2)

yK<^T = antiIon -65(log • 0> -osaog • .06) +

.65

.09

.24

.01

.24 (log .04) + .Olflog 1.2)
.99 -1=

PS IF = 5.5 inches (Figure 3-3)
DTHETA (dry) = .37 (Figure 3-3)
XKSAT (adjusted by Figure 3-2) = .20[.011(20) + .89] = .22 irVhr
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CHAPTER 4

UNIT

4.1 INTRODUCTION

4.1.1 General Discussion

A unit hydrograph is defined as the hydrograph of one inch of direct runoff from a

storm of a specified duration for a particular watershed. Every watershed will have

a different unit hydrograph that reflects the physiography, topography, land-use, and

other unique characteristics of the individual watershed. Different unit hydrographs

will be produced for the same watershed for different durations of rainfall excess. For

example, a unit hydrograph for a particular watershed can be developed for a rainfall

excess duration of 5-minutes, or 15-minutes, or 1-hour, or 6-hours, etc. Any duration

can be selected for unit hydrograph development as long as an upper limit for the unit

hydrograph duration is not exceeded. Guidelines for the determination of the upper

limit of unit hydrograph duration are provided in a later section.

Only a few watersheds in Arizona will have an adequate data base (rainfall and runoff

records) from which to develop unit hydrographs. Therefore, indirect methods usually

will be used to develop unit hydrographs. Such unit hydrographs are called synthetic

unit hydrographs. Several procedures are available to develop synthetic unit

hydrographs, and virtually all of these procedures are empirical. The selection of a

synthetic unit hydrograph procedure should be made such that the data base for the

empirical development is representative of the study watershed.

The unit hydrograph itself is a lumped parameter in that it represents the composite

effects of all of the watershed and storm characteristics that dictate the rate of rainfall

excess runoff from the watershed. Although there are numerous watershed and storm

characteristics that determine the shape of a unit hydrograph, only a limited number

of those characteristics can be quantified and used to calculate a unit hydrograph.

One or more unit hydrograph parameters (depending on the selection of synthetic unit

hydrograph procedure) are needed to calculate a unit hydrograph.
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The concept of the unit hydrograph is used to route the time increments of rainfall

excess from the watershed (or modeling subbasin) to the watershed outlet (or

modeling concentration point). The synthetic unit hydrograph procedure that is

recommended is the Clark unit hydrograph. Procedures are provided, herein, to

estimate the three Clark unit hydrograph parameters and these are entered on the UC

and DA records of HEC-1. Unit hydrograph procedures other than the Clark

procedure can be used for specific applications, however, this will require justification

and approval by ADOT for such use.

4.2 PROCEDURE

4.2.1 General Considerations
The Clark unit hydrograph requires the estimation of three parameters; the time of
concentration (Tc ), the storage coefficient (R), and a time-area relation. Sub-sections
4.2.1 .1 through 4.2.1 .4 describe the procedures that are to be used to calculate these
parameters, and the guidelines that are to be used to select the unit hydrograph
duration and computation interval (NMIN).

4.2.1.1 Time of Concentration: Time of concentration is the travel time, during the
corresponding period of most intense rainfall excess, for a floodwave to travel from
the hydraulically most distant point in the watershed to the point of interest
(concentration point). Three time of concentration (Tc) equations are to be used
depending on the type of watershed; desert/mountain, agricultural fields, or urban.
The recommended Tc equations are:

desert/mountain

Tc = 2.4 A L* -25 L£ S~2

(4-D

agricultural fields

A1 L-25 Lf S-2

(4-2)
Tc = 7.2 A1 L-25 if5 S-2
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urban

Tc = 3.2 A1 L25 Lcf S-u RTIMP-36

(4-3)

where Tc - time of concentration, in hours
A = area, in square miles
S = watercourse slope, in ft/mile
L = length of the watercourse to the hydrauiicaliy most distant

point, in miles
Lea = length measured from the concentration point along L to

a point on L that is perpendicular to the watershed
centroid, in miles, and

RTIMP = effective impervious area, in percent.

In using Equations 4-1 through 4-3, the following points should be noted and
observed:

1. The area (A) will be determined from the best available map. The delineation
of the drainage boundary needs to be carefully performed, and special care
must be taken where there is little topographic relief. In urban areas, land
grading and road construction can produce drainage boundaries that separate
runoff from contributing areas during small and lower intensity storms.
However, larger and more intense storms, such as the design storm from this
Manual, can produce runoff depths that can cross these intermediate drainage
boundaries resulting in a larger total contributing area Similarly, floods on
alluvial fans (active and inactive) and in distributary flow systems can result in
increased contributing areas during larger and more intense storms. For such
areas, it is generally prudent to consider the largest reasonable drainage area
in these situations.

2. Determination of the hydrauiicaliy most distant point will define both L and S.
Often, the hydraulicaily most distant point is determined as the point along the

watershed boundary that has the longest flow path to the watershed outlet (or
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subbasin concentration point). This is generally true where the topography is

relatively uniform throughout the watershed. However, there are situationr

where the longest flow path (L) does not define the hydraulically most distam

point Occasionally, especially in mountainous areas, a point with a shorter

flow path may have an appreciably flatter slope (S) such that the shorter flow

path defines the hydraulically most distant point. For watersheds with multiple

choices for the hydraulicaiiy most distant point, the Tc should be calculated for

each point and the largest Tc should be used.

3. Slope (S) is the average slope calculated by dividing the difference in elevation

between the hydraulically most distant point and the watershed outlet by the

watercourse length (L). This method will usually be used to calculate S.

However, there are situations where special consideration should be given to

calculating S and to dividing the watershed into subbasins. For example, if

there is dramatic change in watercourse slope throughout the watershed, then

the use of a multiple subbasin model should be considered with change in

watercourse slope used in delineating the subbasins. There will also be

situations where the watercourse contains vertical or nearly vertical drops

(mountain rims, headcuts, rock outcrop, and so forth). In these situations,

plotting of the watercourse profile will usually identify nearly vertical changes

in the channel bed. When calculating the average slope, subtract the

accumulative elevation differential that occurs in nearly vertical drops from the

overall elevation differential prior to calculating S.

4. L^ is measured along L to a point on L that is essentially perpendicular to the

watershed centroid. This is a shape factor in the Tc equation. Occasionally,

the shape of agricultural fields or urban subbasins are nearly rectangular in

shape and this may result in two .different dimensions for Lra. In the case of

such nearly rectangular (and therefore, nearly symmetrical) watersheds or

subbasins L^ can usually be satisfactorily estimated as
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5. RT1MP is the effective impervious area. This is the same value that was

determined for the watershed by the procedures in the Rainfall Losses chapter.

RTIMP is used to estimate Tc for urban watersheds only (Equation 4-3).

6. Ideally, the selection of the watershed or subbasin boundaries can be made so

that the area represents a hydrologically uniform region that is essentially all

desert/mountain, or agricultural fields, or urban, and for those situations, the Tc

equations (4-1 through 4-3) can be applied directly. However, there will be

situations where the watershed or modeling subbasin is a mixture of two or

three of those types. In those cases, the Tc equation (4-1 through 4-3) is

selected based on the watershed type that contains the greatest portion of L.

The effects of a mixture of watershed types is accounted for by the selection

of the time-area relation (to be discussed in a later section).

4.2.1.2 Storage Coefficient: The storage coefficient is a Clark unit hydrograph

parameter that relates the effects of direct runoff storage in the watershed to unit

hydrograph shape. The equation for estimating the storage coefficient (R) is:

R = 0.37 Tf11 I-80 A-57

(4-4)

where R is in hours and the variables are as defined for the Tc equations.

4.2.1.3 Time-Area Relation: The time-area relation is a graphical parameter that

specifies the accumulated area of the watershed that is contributing runoff to the outlet

of the watershed at any time. Two methods can be used to develop a time-area

relation: 1) by analysis of the watershed to define incremental runoff producing areas

that have equal incremental travel times to the outflow location, or 2) by use of

synthetic time-area relations. The development of a time-area relation by analysis of

the watershed is a difficult task and well-defined and reliable procedures for this task

are not available. Unless the watershed has an extremely unusual shape, or has

several distinct areas of dramatically different land-use, this analysis should not be

undertaken. In general, synthetic time-area relations can be used in Arizona.
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The dimensionless, synthetic time-area relations that can be used in Arizona are

shown in Figure 4-1 and the coordinate values of the curves are listed in Table 4-1.

Curve A should be used if the land-use in the watershed or subbasin is urban or

predominantly urban. Curve C should be used if the land-use in the watershed or

subbasin is desert/rangeiand or is mostly desert/rangeland with some mountains in

the watershed and/or some irrigated agricultural fields interspersed in the lowlands.

Curve B should be used for all other situations.

Curve B is the default time-area relation in HEC-1 and will be used with the Clark unit

hydrograph if a time-area relation (UA record) is not supplied. Curves A and C are

dimensionless and these curves are input to HEC-1 by inserting the percent of total

area values from Table 4-1 in the DA record.

4.2.1.4 Duration: The duration of the unit hydrograph (or aH unit hydrographs in a

multiple subbasin model) is specified in HEC-1 in the IT record as NMIN. In general,

NMIN will be selected according to the following criteria:

NMIN = 2 minutes for a 6-hour storm duration (drainage area less than

or equal to 1.0 square mile), and

NMIN = 5 minutes for a 24-hour storm duration (drainage area greater

than 1.0 square mile).

Note: NMIN should not exceed .25 Tc for the subbasin with the shortest Tc.

However, there may be special situations (see Chapter 8 Modeling Techniques and

General Guidance for using HEC-1, 8.2.4.3) where a NMIN, other than as defined

above, is to be used. In those situations, the following rules should be considered:

1. NMIN = 0.15 Tc provides adequate definition of the hydrograph peak with an

optimum number of hydrograph coordinate calculations.

2. NMIN = 0.25 Tc is the maximum value for NMIN.

3. ' NMIN for a multiple subbasin model should be on the smallest

Tc value for any of the subbasins in the model.
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TABLE 4-1

VALUES OF THE DIMENSIONLESS SYNTHETIC
TIME-AREA RELATIONS FOR THE CLARK UNIT HYDROGRAPH

Contributing Area, as a Percent of Total
i Area3

 t

Travel Time,
as a percent of

Tc

(1)

A

(2)

BD

(3)

C

(4)

0
10
20
30
40
50
60
70
80
90
100

0
5
16
30
65
77
84
90
94
97
100

0.0
4.5
12.6
23.2
35.8
50.0
64.2
76.8
87.4
95.5
100.0

0
3
5
8
12
20
43
75
90
96
100

- The dimensionless Synthetic Time-Area relations should be selected as follows:
A - The land-use in the watershed or subbasin is urban or predominantly urban.
B - All watersheds or subbasins other than those defined for use of curves A or C.
C - The land-use in the watershed or subbasin is desert/rangeland or is mostly

desert/rangeland with some mountains in the watershed and/or some irrigated
agricultural fields interspersed in the lowlands.

b
- Curve B is the HEC-1 default Time-Area relation and the UA record is not needed as

input to the HEC-1 model.
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FIGURE 4-1

SYNTHETIC TIME-AREA RELATION
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4.2.2 Applications and Limitations

The Clark unit hydrograph, as described herein, can be used for virtually any

watershed that will be encountered in Arizona. However, there may be situations

where use of another unit hydrograph wiil be warranted. For example, rainfall and

runoff data may be available for the watershed or a nearby hydrologically similar

watershed to develop a unit hydrograph, and in those cases, the developed unit

hydrograph would be input to HEC-1 by use of Ul records. In other situations, a unit

hydrograph at or near the desired location may have been developed for another

project. That unit hydrograph or unit hydrograph procedure may be preferable to the

recommended Clark unit hydrograph procedure for that application. If other unit

hydrographs or unit hydrograph procedures are determined to be more applicable for

a certain situation, they should be used. However, deviations from the procedures in

this Manual should be discussed with ADOT and approval received for deviations from

the recommended procedures before incorporating such deviations into the project

hydrology analysis.

Equations 4-1 through 4-3 were derived for use in estimating the time of concentration

for floods with design return periods that are typical for highway drainage structures

(25-year to 100-year). Use of these equations may result in time of concentration

estimates that are too short for floods of return period less than 25-year and too long

for floods of return period appreciably greater than 100-year. This is because of the

effect that runoff magnitude has on the hydraulic efficiency (runoff velocity) of

watersheds. Therefore, if Equations 4-1 through 4-3 are used to estimate the time of

concentration for floods of return period appreciably greater than the 100-year, then

the time of concentration should be reduced (by as much as 25 percent for very large,

rare floods); similarly, for estimating the time of concentration for floods of return

period less than the 25-year, then the time of concentration should be increased (by

as much as 100 percent for very frequent flooding, such as the 2-year). Since R

(Equation 4-4) is a function of Tc, the R value should be recalculated if Tc is adjusted

for return period.
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4.3 INSTRUCTIONS

1. Delineate the watershed boundaries on the watershed base map.

2. Trace the paths of the major watercourses in the watershed on the base map.

3. if the watershed has more than one land-use, define the areas of the different

land-use types:

urban

desert/rangeland

mountain

irrigated agriculture

4. Determine whether the watershed can be treated as a single, hydrologically

homogeneous watershed, or if it must be divided into modeling subbasins.

This decision should consider the following factors:

a. topography (and channel slope),

b. land-use,

c. diversity of soil texture (from Rainfall Losses chapter),

d. occurrence of rock outcrop,

e. existence of drainage and flow control structures within the watershed

(detention/retention basins, elevated highway cross-drainage structures,

channelized and improved watercourses, etc.),

f. shape of the watershed, and

g. needs of the hydrologic model, such as investigation and planning for

future highway drainage structures.

5. If the watershed is to be divided into modeling subbasins, use the information

from Steps 2, 3, and 4 to delineate the subbasin boundaries.
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6. For the watershed or each modeling subbasin, determine the following.

A - area, in square miles

L - length of the flow path to the hydrauiically most distant point, in miles

Lra - length along L to a point opposite the centroid, in miles

S - average slope of L, in ft/mile

RTIMP- effective impervious area, in percent.

7. Calculate Tc depending on the type of watershed:

desert/mountain

Tc = 2.4 1

agricultural fields

Tc = 7.2 A L-25

urban

Tc = 3.2 AA L25 if5 S-14 F?T/MP-36

8. Calculate R:

R . 0.37 Tl-11 L-80 A-57

9. Enter the values of Tc and R in the UC record for the watershed or each

subbasin.
i

10. Determine whether the time-area relation will be developed from an analysis

of the watershed or whether a dimensionless synthetic time-area relation will

be used.
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a. If the time-area relation is to be determined by analytic means, proceed

with the analysis and input the incremental areas (or percentages of

total area) in the DA record.

b. If the dimensionless synthetic time-area relations are to be used (Figure

4-1 and Table 4-1),

i. use the values for Curve A in the UA record if the watershed or

subbasin is urban or predominantly urban,

ii. use the values for Curve C in the UA record if the watershed or

subbasin is desert/rangeland or is mostly desert/rangeland with

some mountains and/or some irrigated agricultural fields

interspersed in the lowlands, and

iii. use Curve B for all other applications (Curve B is the HEC-1

default relation and the UA record is not needed).
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EXAMPLE 4-1

CLARK UNIT HYDROGRAPH PARAMETERS
FOR RANGELAND WATERSHED

Problem:

Develop the Clark unit hydrograph parameters for the Walnut Gulch Experimental

Watershed 63.011 near Tombstone, Arizona.

Solution:

1. The watershed map shows the following:

a. watershed boundary

b. flow path to the hydraulically most distant point

c. location of the basin centroid

2. The following are measured from the map:

A =3.18 square miles

L = 4.0 miles

Lra =1.8 miles

S = 100 ft/mile

3. The watershed is desert/rangeland.

4. Calculate Tc using the desert/mountain Tc equation:

Tc = 2.4 A-1 L-25 L^-25 S"2

Tc = 2.4(3.18'1)(4.0-25)(1.8-25)(100'-2)

Tc = 1.76 hr

5. Calculate R:

R = 0.37 Tc
1'11 L80 A-57

R = 0.37 (ue
R = 1.08 hr

6. The desert/rangeland dimensioniess synthetic time-area relation (Curve C) is
used.
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MAP FOR WALNUT GULCH EXPERSMEMTAL WATERSHED 63.011
NEAR TOMBSTONE, ARIZONA

hyraulieally most
distant point

measured along
L to this point

MARCH 1993 4-14



EXAMPLE 4-2
CLARK UNIT HYDROGRAPH PARAMETERS

FOR URBAN WATERSHED

Problem:

Develop the Clark unit hydrograph parameters for the Tucson Arroyo, Tucson,

Arizona watershed.

Solution:

1. The watershed map shows the following:

a. watershed boundary

b. flow path to the hydraulically most distant point

c. location of the basin centroid

2, The following are measured from the map:

A = 8.12 square miles

L = 6.2 miles

L = 2.7 milesca
S = 37.7 ft/mile

RTIMP = 20.2%

3. The watershed is urban residential with some commercial/industrial areas
and a park and golf course.

4. Calculate TC using the urban TC equation:

T = 3.2 A'1 L-25 L '25 S--14 RTIMP'-36
GS3

Tc = 3.2 {8.12-1H6.2-25H2.7-25)(37.7--14}{20.2"-36}

Tc = 1.36hr

5. Calculate R:

R - 0.37TC
1-11L'80A"57

R = 0.37(1.631-11)(6.2-80}(8.12'-57)

R = 0.83 hr

6. The urban dimensionless synthetic time-area relation (Curve A) is used.
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CHAPTER 5

CHANNEL ROUTING

5.1 INTRODUCTION

5.1.1 General Discussion

Channel routing describes the movement of a flood wave (hydrograph) down a

watercourse. As a flood wave passes through a river reach, the peak of the outflow

hydrograph is usually attenuated and delayed due to flow resistance in the channel

and the storage capacity of the river reach. Channel routing is used in flood

hydrology models, such as HEC-1, when the watershed is modeled with multiple

subbasins and runoff from the upper subbasins must be routed through a channel, or

system of channels, to the watershed outlet. Several methods are available for

channel routing. The method that is recommended for the majority of channel routing

applications for highway drainage in Arizona is the Normal Depth method.

5-2 PROCEDURE

The recommended procedure for routing is the Normal Depth method and that method

should be used unless there is good cause for deviation from this recommendation.

The following procedure is for the Normal Depth method, however, the information

can often be used to assist in defining routing input for other methods.

For Normal Depth routing, data must be provided for the number of steps in the

routing calculation, the initial condition of the flow in the channel, channel resistance

coefficients, and channel geometry. Much of this data is normally obtained from

appropriate maps and/or field survey data.

5.2.1 General Considerations

5.2.1.1 Number of Computation Steps (NSTPS): This is the number of

computation steps that will be used in the Normal Depth routing calculation. The

Normal Depth route operation in HEC-1 is accomplished by use of a single 8-point

cross section which is selected to be typical of the routing reach. Storage routing is
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accomplished by using wedge-storage for subreaches. The subreach length is the

distance traveled by the flood wave during one computation time interval (NMIN). The

number of necessary subreaches corresponds to NSTPS, which must be an integer.

NSTPS can be estimated by reach length/average velocity/NyiN. Chapter 8

Modeling Techniques and General Guidance for using HEC-1, 8.2.4.5, for additional

guidance in selecting NSTPS.)

5.2.1.2 Flow Condition (ITYP and RSVRIC): These define the initial

condition of the flow in the channel at the start of the routing computation. Normally

the initial condition that is used is the discharge in the channel and this will often be

0 (dry channel) for channels in Arizona. If the channel is expected to have flow in the

channel prior to the modeled storm, or a basef low, then use the appropriate discharge

data. The channel water surface elevation at the start of the routing computation can

be used, if desired instead of initial discharge conditions.

5.2.1.3 Routing Reach Length (RLNTH): This is the length of the channel or major

flow path. The length will be measured on the best available map. The units of

RLNTH are feet.

5.2.1.4 Energy Grade Line Slope (SEL): This is the slope of the energy grade line

and is not normally known. For normal flow, it is parallel to the channel bed slope.

It is usually estimated as the channel bed slope, calculated by dividing the difference

in bed elevation between the upper and lower ends of the watercourse by the routing

reach length. The units of SEL are ftfft.

5.2.1.5 Manning's Roughness Coefficient (n): The Manning's roughness

coefficient, n, is a measure of the flow resistance of a channel or overbank flow area.

The flow resistance is affected by many factors including size of bed material, bed

form, irregularities in the cross section, depth of flow, vegetation, channel alignment,

channel shape, obstructions to flow, and quantity of sediment being transported in

suspension or as bed load. In general, all factors that retard flow and increase

turbulent mixing tend to increase n.
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The n for a channel can be computed by

n - (/70 + n^ + n2 •*• n3 + ^4) ms
(5-1)

where n0 is the base value for a straight, uniform, stable channel, n1 is a value for the
effect of surface irregularities, n2 is a value to account for obstructions to flow, n3 is
a value for vegetation, n4 is a value to account for variations in channel cross section,
and ms is a correction factor to account for meandering of the main channel.

The value for n0 can be selected from Table 5-1. The adjustment factors (n1f n2, n3,
n4, and m5) can be selected from Table 5-2.

For overbank floodplains, the value of n is selected from Table 5-3.

The Manning's roughness coefficient for the main channel is designated as ANCH,
for the left overbank it is ANL, and for the right overbank it is ANR according to
HEC-1 nomenclature.

5.2.1.6 Channel Geometry: The channel geometry is to be provided by an 8-point
cross section. That cross section is to be representative of the hydraulic
characteristics throughout the routing reach. Considerable judgement is necessary
in defining the representative 8-point cross section. The guidance in the HEC-1
User's Manual should be followed when defining an 8-point cross section. The
coordinates (X and Y) can be to any base datum. Specifically, the vertical dimensions
(Y) do not need to correspond to land surface elevation or any elevation for any
location along the routing reach.
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TABLE 5-1

VALUES (nj OF MANNING'S ROUGHNESS COEFFICIENT
FOR STRAIGHT, UNIFORM, STABLE CHANNELS

(from Thomson and Hjalmarson, 1991)

Channel Material

Concrete

Rock Cut

Firm Soil

Coarse Sand

Fine Gravel

Grave!

Coarse Gravel

Cobble

Boulder

Size of Bed Material

Millimeters

1-2

2-64

64-256

>256

inches

0.08- 2.5

2.50-10.0

>10.0

Base Values, n0

Benson and
Dafrymple

C1967}8

0.012-0.018

.025- .032

.026- .035

.028- .035

.030- .050

.040- .070

Chow
(19§0f

0.011

.025

.020

.024

— .

.028

— _

uniform channel.
bSmoothest channel attainable in indicated material.
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TABLE 5-2

ADJUSTMENT FACTORS (nv t^, n3, n4 and ms) FOR THE
DETERMINATION OF OVERALL, MANNING'S n VALUE

(fromThomsen and Hjalmarson, 1991}

Sheet 1 of 3

Channel Conditions
Manning's n
adjustment3 Example

Degree of irregularity:

Smooth

Minor

Moderate

Severe

.001 - .005

.006-.010

.011-.020

Smoothest channel attainable in given bed
material.
Channels with slightly eroded or scoured side
slopes.
Channels with moderately sloughed or eroded side
slopes.
Channels with badly sloughed banks; unshaped,
jagged, and irregular surfaces of channels in rock.

Effects of obstruction*1:

Negligible

Minor

.000 - .004

.005 - .015

Appreciable .020 - .030

Severe .040 - .060

A few scattered obstructions, which include debris
deposits, stumps, exposed roots, logs, piers, or
isolated boulders, that occupy less than 5 percent
of the cross-sectional area.

Obstructions occupy 5 to 15 percent of the cross-
sectional area and the spacing between
obstructions is such that the sphere of influence
around one obstruction does not extend to the
sphere of influence around another obstruction.
Smaller adjustments are used for curved smooth-
surfaced objects than are used for sharp-edged
angular objects.

Obstructions occupy from 15 to 50 percent of the
cross-sectional area or the space between
obstructions is small enough to cause the effects of
several obstructions to be additive, thereby
blocking an equivalent part of a cross section.

Obstructions occupy more than 50 percent of the
cross-sectional area or the space between
obstructions is small enough to cause turbulence
across most of the cross section.

a Adjustments for degree of irregularity, variations in cross section, effect of obstructions, and vegetation are added to the base n
value before multiplying by the adjustment for meander.

b Conditions considered in other steps must not be reevaluated or duplicated in this section.
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Sheet 2 of 3

Channel Conditions
Manning's n
adjustment0 Example

Vegetation:

Small .002-.010

Medium .010-.025

Large

Very Large

.025 - .050

.050-.100

Dense growths of flexible turf grass, such as
Bermuda, or weeds where the average depth of
flow Is at least two times the height of the
vegetation; supple tree seedlings such as willow,
eottonwood, arrow weed, or saltcedar, where the
average depth of flow is at least three times the
height of the vegetation.

Grass or weeds where the average depth of flow
is from one to two times the height of the
vegetation; moderately dense stemmy grass,
weeds, or tree seedlings, where the average
depth of flow is from two to three times the
height of the vegetation; moderately dense
brush, similar to 1 - to 2-year-old saltcedar in the
dormant season, along the banks and to no
significant vegetation along the channel bottoms
where the hydraulic radius exceeds 2 feet.

Turf grass or weeds where the average depth to
flow is about equal to the height of vegetation;
small trees intergrown with some weeds and
brush where the hydraulic radius exceeds 2 feet.

Turf grass or weeds where the average depth of
flow is less than half the height of vegetation;
small bushy trees intergrown with weeds along
side slopes of dense cattails growing along
channel bottom; trees intergrown with weeds
and brush.

Variations in channel
cross section:

Gradual

Alternating
(Occassionally)

Alternating
(Frequently)

Jk.

.000

.001 - .005

.010-.015

Size and shape of cross sections change

gradually.

Large and small cross sections alternate
occasionally, or the main flow occasionally shifts
from side to side owing to changes in cross-
sectional shape.

Large and small cross sections alternate
frequently, or the main flow frequently shifts
from side to side owing to changes in cross-
sectional shape.

C Adjustments for degree of irregularity, variations in cross section, effect of obstructions, and vegetation are added to the
base n value before multiplying by the adjustment for meander.
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Sheet 3 of 3

Channel Conditions
Manning's n
adjustmentd Example

Degree of meandering6:

Minor

Appreciable

Severe

_m5_

1.00

1.15

1.30

Ratio of the meander length to the straight length
of the channel reach is 1.0 to 1.2.

Ratio of the meander length to the straight length
of the channel is 1.2 to 1.5.

Ratio of the meander length to the straight length
of the channel is greater than 1.5.

d Adjustments for degree of irregularity, variations in cross section, effect of obstructions, and vegetation are added to the base n
value before multiplying by the adjustment for meander.

e Adjustment values apply to flow confined in the channel and do not apply where downvalley flow crosses meanders. The
adjustment is a multiplier.

MARCH 1993 5-7



TABLE 5-3

VALUES OF MANNING'S n FOR FLOODPLAINS
(from Thomsen and Hjalmarson, 1991)

Description Minimum Normal Maximum

Pasture, no brush:
Short grass 0.025 0.030 0.035
High grass .030 .035 .050

Cultivated areas:
No crop .020 .030 .040
Mature row crops .025 .035 .045
Mature field crops 030 .040 .050

Brush:
Scattered brush, heavy weeds 035 .050 .070
Light brush and trees, in winter 035 .050 .060
Light brush and trees, in summer 040 .060 .080
Medium to dense brush, in winter .045 .070 .110
Medium to dense brush, in summer ..... .070 .100 .160

Trees:
Dense willows, summer, straight .110 .150 .200
Cleared land with tree stumps, no sprouts . .030 .040 .050
Same as above, but heavy growth

of sprouts 050 .060 .080
Heavy stand of timber, a few down trees,

little undergrowth, flood stage below
branches 080 .100 .120

Same as above, but with flood stage
reaching branches .100 .120 .160
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5.2.2 Applications and Limitations

Channel routing is to be used in multiple subbasin models when the runoff from the

upper subbasins passes through a watercourse, or a system of watercourses, to the

watershed outlet. Routing should be used in models when a major component of

watershed runoff (an inflow hydrograph) enters a relatively long channel and must flow

through that channel to the watershed outlet or to a point along the channel where a

flood hydrograph is desired. In those situations, the peak of the outflow hydrograph is

usually attenuated and delayed compared with that of the inflow hydrograph.

The Normal Depth method, that is available in the HEC-1 program, is usually an

appropriate routing method for use in watercourses in Arizona. It should be used where

routing effects (peak attenuation and delay) are expected. Other methods may be more

appropriate or more practical in certain applications. For example, the Kinematic Wave

channel routing method can often be used with comparable accuracy for constructed

urban channels, including storm drains, and for short, steep natural channels. The

Muskingum method may be appropriate for certain rivers if data are available to

determine the two parameters (K and X) by analysis, or by HEC-1 optimization from

recorded hydrographs, or if other information is available to yield reliable estimates of

K and X The Muskingum-Cunge method is also available and it can be used in certain

applications. However, the Muskingum-Cunge method can produce unreliable results,

particularly for wide, shallow water courses, especially with steep slopes. The use of

the Muskingum-Cunge method must be applied with caution, and results carefully

reviewed before acceptance. Also, the Muskingum-Cunge method is not amenable for

channel routing if channel transmission losses (by the recommended method, see

Chapter 7 - Transmission Losses) are to be included in the watershed model. In

general, however, the Normal Depth method is to be used.

One of the most critical aspects of watershed modeling using subbasins and channel

routing is the selection of channel routing lengths (RLNTH). The numeric procedure

used in routing calculations requires that the travel time through each routing reach be

a multiple of the selected computation interval (NM!N). For this reason, the selection

of too short a RLNTH could result in the computation of zero travel time
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through the routing reach (instantaneous translation of the flood wave through the

reach). This could result in erroneously large peak discharges at downstream

concentration points in the watershed model. A watershed model of numerous small

subbasins and connecting short routing reaches can result in progressively larger

overestimation of peak discharges in a downstream direction producing grossly

overestimated peak discharge at the watershed outlet. Chapter 8 - Modeling

Techniques and General Guidance for using HEC-1,8.2.4.5, should be consulted prior

to watershed delineation to avoid problems with channel routing lengths that are too

short.

5.3 INSTRUCTIONS

The following steps should be used with the Normal Depth routing method:

1. From the watershed base map, identify the routing reaches. (See Chapter 8 -

Modeling Techniques and General Guidance for using HEC-1, 8.2.4.5 for

additional guidance.)

2. Compile information on the characteristics of those reaches (detailed

topographic maps to define channel geometry, photographs of the channels

and overbanks, other hydrologic reports for the area, etc.)

3. Conduct a field reconnaissance of the watershed and routing reaches, if

practical. Observe and note the characteristics of the routing reaches;

variations in the channel cross sections, irregularity of the channel, and degree

of meandering of the main channel. Determine the hydraulically representative

section of the routing reaches. Make note of and photograph the

representative sections paying particular attention to flow resistance

characteristics; bed material, obstructions to flow (rock outcrop, boulders,

debris, etc.), and vegetation in the channel and overbank floodplains. If

adequate maps are not available to define the channel geometry of the

representative sections, field surveys or field measurements can be made of

the channel and overbank floodplains.
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4. Prepare a sketch of the representative section of each routing reach, and

prepare the channel geometry input (RX and RY records).

5. Estimate the main channel roughness coefficient, ANCH, by use of Equation

5-1:

a. select the base value, n0, from Table 5-1, and

b. select the adjustment factors, a,, n2, n3, n4, and ms from Table 5-2.

6. If an 8-point cross section is used that contains overbank floodplains, select the

n for each of the overbanks (ANL and ANR) from Table 5-3.

7. Measure the routing reach length, RLNTH, from the base map.

8. Estimate the energy gradient (SEL), by calculating the channel bed slope from

the base map.

9. Input the routing information into the RS, RC, RX and RY records.
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EXAMPLE 5-1

NORMAL DEPTH CHANNEL ROUTING

Page 1 of 2

Problem:

Determine the Normal Depth routing parameters for the routing reach, A to B, shown

in the routing reach map (Page 5-14). A site reconnaissance was conducted and a

representative 8-point cross section, as shown below, was selected. The water

course is normally dry except during storms.

Left Bank

100 f\ (1000,100)

(1020,97)

Right Bank

(1150,100)

(1075,95)

(1080,92)

(1100,94)

(1095,92)

1000 1050 1150

Solution:

The model NMIN = 5 minutes.
Length of routing reach, RLNTH = 4,300 ft.
Channel bed slope, SEL = 122 ft/mile = 0.023 ft/ft

Estimate NSTPS:

The mean discharge velocity (V) is estimated as 7 ft/sec.

RLNTHNSTPS =
V x 60 x NMIN

4300
7 x 60 x 5

= 2.05 (use NSTPS = 2)
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Determination of main channel ANCH: (Tables 5-1 and 5-2)
• Channel material is coarse gravel n0 = 0.028
• Channel banks are moderately irregular n1 = 0.01

Obstructions in the channel are minor .. . n2 = 0.01
Vegetation in the channel is negligible n3 = 0.0
Variation in channel cross section is gradual n4 = 0.0

» degree of meandering is minor . ms = 1.0

ANCH = (n0 + n., n n
= (.028+ .01 +.01 +0 + 0)1.0
= .048

Determination of overbank n's: (Tables 5-3)

Left overbank has medium to dense brush ANL
Right overbank has light brush ANR

0.08
0.06

The HEC-1 records, using the 8-point section, are:

FIELD

RS
RC
RX
RY

1

2
.08

1000
100

2

Ftow
.048
1020

97

3

0
.06

1075
95

4

4300
1080

92

5

.023
1095

92

6

1100
94

7

1125
95

8

1150
100

9 10
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ROUTING REACH MAP FOR A CHANNEL IN
FOUNTAIN HILLS, ARIZONA
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CHAPTER 6

ROUTING

6.1 IMTRODUCTSOM

6.1.1. Genera! Discussion

Storage routing will be used when inflow to a structure is temporarily detained by the

storage capacity and/or outlet characteristics of the structure such that the outflow is

significantly different than the inflow in terms of flow rate and time. Storage routing

is required when flow is routed through retention/detention basins; where flow passes

through drainage facilities such as highway cross-drainage structures (particularly

where the highway is elevated on earthen fill); where culverts, railroad drainage

facilities, and some bridges restrict flow rates; and pump stations.

Level-pool reservoir routing is used for these applications. Information must be

provided on various combinations of HEC-1 input records to describe the storage

capacity and discharge relations of the structure and its outlet works.

6.2 PROCEDURE

6.2.1 General Considerations

For storage routing, topographic, design, and/or as-built information must be available

to prepare the necessary input Because of the diversity of structures for which

storage routing can be performed, only general guidance is provided for this method.

6.2.1.1 Stage-Storage Relation: A relation describing the storage volume that is

obtained with a specified water surface elevation must be provided. This is

accomplished by one of two methods: 1) water stage (SE record) and corresponding

storage volume (SV record), or 2) water stage (SE record) and corresponding surface

area for the stored water to that elevation (SA record). Either method is acceptable

and to some extent the selection depends upon the information that is available. If
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surface area data (SA records) are provided, the storage volume is calculated during

the execution of the HEC-1 program.

6.2.1.2 A relation describing the discharge through the

structure as a function of stage of water behind the structure must be provided.

Discharges are entered on SQ records that correspond to water stages of the SE

records. Stage-discharge relations are established by hydraulic analysis of the

structure or from design reports.

6.2.1.3 Structure Overtopping: There are situations where structures can be

overtopped due to inflow that exceeds the stage-storage-discharge relations. This can

happen in a variety of situations such as elevated highway embankments with cross-

drainage structures that cannot pass the required inflow. Often in such cases, the

excess inflow will overtop the structure, and in those cases, the ST record can be

used to model the flow that would pass over the structure; however, an overtopping

discharge rating curve is the recommended method. The SQ record, in that case, is

for the combined discharge through the structure plus overtopping discharge.

6.2.1.4 Pump Stations: A pump station may be included as a part of storage routing

to withdraw water from the structure at that point. Pumped water leaves the study

area unless it is retrieved and inserted in the model at another point. This can occur

at depressed road intersections where the pumped water is released to a drainage

structure outside of the intersection drainage boundaries. Pump stations can be

modeled with WP and WR records. Pump station operation where multiple pumps

and/or variable pump capacity is required to be modeled cannot be adequately

modeled with HEC-1. In such cases, more sophisticated pump station models should

be used. The HEC-1 model can usually be used successfully to provide the inflow

hydrograph for the pump station analysis.

MARCH 1993 6-2



6.3 INSTRUCT8OMS

1. Define the stage-storage relation from the most appropriate maps and input the

relation in SE and SV records, or in SE and SA records.

2. Define the stage-discharge relation for the outflow through the structure by use

of the SQ record. Care must be taken if the structure is subject to emergency

spillway flows or overtopping. The use of an SQ record will suppress all data

entered on an SS record (spillway characteristics). However, flows taken from

an SQ record will be added to any flows computed from the ST record (top-of-

dam overflow).

The recommended approach is to use SQ/SE records to define the complete

discharge rating curve for all types of discharge through (or over) the structure.

These input calculations should be performed manually for each of the different

types of discharge that could occur. A composite discharge rating curve

should then be developed by adding together all applicable discharges that

occur at any given elevation. This discharge rating curve should extend above

the maximum reservoir water surface elevation achieved during the routing

operation.

3. If pump stations are included, and if the pump station capability of the HEC-1

program is adequate for the analysis, provide pump station information in WP

and WR records.
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EXAMPLE 6-1
STORAGE ROUTING

Page 1 of 4

Determine the storage routing input for a 4 barrel 10' x 5' x 226' CBC as shown in the plan
and profile sketch. Discharge capacity for road overtopping is to be included in the stage-
discharge rating curve.

PLAN

PROFILE

0 2000

SCALE IN FEET

Sta. 7780 Sta. 7820
2088

ROAD

4-10'x5' CBC

2080
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EXAMPLE 6-1 Page 2 of 4

Stage-Storage Relation:

Elevation, ft.

2080
2082.5
2085
2087.5

Area, acres

0
12
44
89

Stage-Storage Calculation:

©E1.2080 Vol. = 0.0 ac-ft

@ El. 2082.5 Vol. = (12 ac)(2.5 ft)/2 = 15 ac-ft

@ E1. 2085 Vol. = 15 ac-ft + (12 ac)(2.5 ft) + (44 ac -12 ac)(2.5 ft)/2 = 85 ac-ft

@ E1. 2087.5 Vol. = 85 ac-ft + (44 ac)(2.5 ft) + (89 ac - 44 ac)(2.5 tt)/2 = 251 ac-ft

Stage-Discharge Relation:

ESevatlon, ft

2080
2081
2082
2083
2084
2085
2086
2087
2087.5
2088

DISCHARGE, in CfS \

CBC

0
130
350
630
950
1290
1630
1930
2070
2200

Overtopping ,

0
0
0
0
0
0
0
0

750
3240

Combined ;

0
130
350
630
950
1290
1630
1930
2820
5440

HEC-1 Input:

FIELD

sv
SQ
SE

1

0
0

2080

2

3
130

2081

3

10
350
2082

4

26
630
2083

5

52
950
2084

6

85
1290
2085

7

134
1630
2086

8

210
1930
2087

9

250
2820
2087.5

10

290
5440
2088
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EXAMPLE 6-1
STAGE-STORAGE

Page 3 of 4

2088

2086

a>
W

~ 2084
O

o

LU 2082

2080
100 150

Storage, in acre feet

200 250 290
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EXAMPLE 6-1
STAGE-DISCHARGE

Page 4 of 4

2088

2086
83•̂

C

§ 2084

2082

2080

mbined

2 3 4 5

Discharge, in 1000 CFS
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CHAPTER 7

TRANSMISSION

7.1 INTRODUCTION

7.1.1 General Discussion

Storm runoff and floods in Arizona are usually attenuated through the effects of

channel and storage routing, but they are often also diminished due to the percolation

of water into the bed, banks, and overbank floodplains of the watercourses. These

losses in the watercourses are transmission losses, and these are losses that accrue

in the watershed in addition to the rainfall losses on the land surface. Transmission

losses can, and often do, result in a significant reduction in the runoff volume. Often,

transmission losses only result in a relatively small reduction in flood peak discharge;

however, there are situations, such as very long, wide channels with high percolation

rates, where the flood peak discharges are dramatically reduced.

The magnitude of transmission loss (both volumetric and peak discharge) is

dependent upon the antecedent conditions of the watercourse; characteristics of the

bed, bank, and overbank materials; channel geometry (wetted perimeter); depth to

bedrock; depth to the ground water table; duration of flow; and hydrograph shape.

For a watercourse that is initially dry and is composed of coarse, granular material,

the initial percolation rate can be very high; however, the percolation rate diminishes

during passage of the flood and would eventually reach a steady-state rate if the flow

continues long enough.

Although it is recognized that transmission losses can be an important element in

performing rainfall-runoff modeling, particularly for ephemeral watercourses in Arizona,

procedures and reliable data for estimating transmission losses are poor. Therefore,

except for situations where transmission losses should clearly be incorporated in the

analysis, the estimation of these losses will not usually be incorporated in rainfall-

runoff models. The incorporation of transmission losses in a watershed rainfall-runoff

model should be approved by ADOT and the procedure and assumptions clearly

documented.
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Two options in the HEC-1 program are available for estimating transmission losses.

. Both options use the RL record. The recommended option uses an estimated

channel percolation rate (PERCRT) and must be used with the channel storage

routing option (RS record). The second option estimates the transmission loss as a

constant loss (QLOSS), in cfs, plus a ratio (GLOSS) of the remaining flow after

subtracting QLOSS. The second method can be used with any of the HEC-1 channel

routing options, however, that method is not recommended for general use because

of the very subjective decisions that will need to be made in selecting QLOSS and

CLOSS. The recommended method is physically-based and should result in better

estimates of transmission losses, if adequate estimates can be made of the

percolation rate and if the necessary storage routing information can be satisfactorily

represented.

7.2 PROCEDURE

7.2.1 Considerations

The following conditions should be met for the consideration of the incorporation of

transmission losses into a rainfall-runoff model of a watershed:

1. The bed, banks, and overbank floodplains of the watercourse are composed

of coarse, granular material. Material such as cobble, gravel, sandy grave!,

gravelly sand, sand, and sandy loam are all indicators that appreciable

transmission losses can occur.

2. There is a relatively long total length of watercourse that is composed of

coarse, granular material.

3. The watercourse is ephemeral and it is prudent to assume that the watercourse

is dry before the onset of the storm.

4. The bed of the watercourse is not underlain by material, such as bedrock, that

would inhibit the sustained percolation of water into the bed of the watercourse.
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5. The depth to ground water is great enough to not inhibit the sustained

percolation of water into the bed of the watercourse.

If the above conditions are met, then the incorporation of transmission losses into the

model should be considered. At this point, two other factors should be considered

before proceeding:

1. Incorporation of transmission losses will require a multiple subbasin model with

defined routing reaches. Transmission losses will be calculated for the routing

reaches. Use of the recommended option for calculating transmission losses

with the HEG-1 program wi!l require storage routing. Transmission losses will

be considered only if a multiple subbasin model is acceptable.

2. Adequate information must be available to provide input for the storage routing

method, and the percolation rate can be satisfactorily estimated.

If the above conditions are met, and if it is determined that modeling of transmission

losses are vital and practical to the development of a rainfall-runoff model, then

proceed to incorporate transmission losses in the model. This will require input of the

necessary normal depth storage routing information on RC, RX, and RY records.

The transmission loss will be calculated using information from the RL record

(PERCRT and ELVINV). Very little guidance is available for estimating the percolation

rates (PERCRT), which can vary from more than 100 inches per hour to less than an

inch per hour. Table 7-1 provides some guidance for the percolation rate that can be

expected in channels of various bed materials. The elevation of the channel invert

(ELVINV) must correspond to the lowest elevation that is used in the 8-point cross

section for that routing reach.
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TABLE 7-1

PERCOLATION RATES FOR VARIOUS CHANNEL BED MATERIALS
(from SCS National Engineering Handbook Section 4,

Chapter 19, Transmission Losses, by L. J. Lane)

Bed Material Transmission:
Class

Percolation Rate

1n.€hes/hr

1. Very clean gravel and large
sand

2. Clean sand and gravel, field
conditions

3. Sand and gravel mixture
with low silt-clay content

4. Sand and gravel mixture
with high silt-clay content

5. Consolidated bed material;
high silt-clay content

Very High

High

Moderately High

Moderate

Insignificant to Low

>5

2.0 - 5.0

1.0-3.0

0.25-1.0

0.001 -0.10
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CHAPTER 8

MODELING TECHNIQUE AND GENERAL GUIDANCE
FOR USING HEC-1

8.1. INTRODUCTION

8.1.1 Genera! Discussion

Practical application of the rainfall-runoff modeling procedures in this manual can be

accomplished through use of the HEC-1 Flood Hvdrograph Package (U.S. Army

Corps of Engineers, 1990). This computer program, which is available from the

National Technical Information Service and several commercial program vendors,

provides modeling capability for the hydrologic procedures that are specified in this

manual.

This chapter contains an overview of the major theoretical assumptions upon which

the HEC-1 computer program is based, and the resultant limitations. Watershed

modeling techniques are presented, and these are related to some of the common

coding errors that are often made when using the HEC-1 program. A

modeler's/reviewer's checklist is presented for use by both ADOT engineers and

ADOT consultants in developing and reviewing HEC-1 watershed models.

A user's working knowledge of the following areas is assumed:

1. Surface water hydrology and watershed modeling.

2. Basic input data structure for the HEC-1 program.

3. Procedures presented in this manual.

8.1.2 Applicable HEC-1 Versions

There are many versions of the HEC-1 computer program available and in use. Care

should be taken by the user to obtain and use a version containing the desired

capabilities. The HEC-1 program was originally developed by the U.S. Army Corps

of Engineers, Hydrologic Engineering Center (HEC) in 1967. Since that time, there

have been seven significant updates and numerous error corrections. The program

was originally written for main frame computers and has since been ported to a
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number of different platforms. This discussion is specific to the PC versions. The

fallowing is a brief synopsis of the releases made since 1988:

1988 Version -

1. The Green-Ampt infiltration equation was added as an option.
2. The Kinematic Wave runoff computations were improved.
3. All the main-frame computer options were made available in the PC version.
4. ' A program bug is present in the application of the Green and Ampt equation

in combination with the JD record option.

1990 Version -

1. Muskingum-Cunge channel routing was added as an option.

2. Detention basin modeling capabilities were improved.

3. The Green and Ampt error from the 1988 version was corrected.

4. A program bug is present in the Kinematic Wave runoff procedure when using

the JR record option. Hydrographs do not combine properly.

1991 Version -

1. This version is specific to the 80386/80486 microprocessors and requires a
minimum of 2.5 megabytes of total memory, or 640 kilobytes of memory and

3 megabytes of disk space.

2. The Kinematic Wave error from the 1990 version was fixed.

3. The number of hydrograph ordinates available was increased from 300 to
2,000.

A1990 or later version of the HEC-1 program should be used for ADOT rainfall-runoff

watershed modeling purposes. The 1988 version is acceptable for single-basin

models that do not require channel routing.
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8.1.3 Assumptions and Limitations of HEC-1

Proficiency in use of the HEC-1 program requires an understanding and appreciation

of the basic underlying assumptions and limitations. The key assumptions of the

program are as follows:

8.1.3.1 Deterministic: The rainfall-runoff process is stochastic, however, the HEC-1

program treats the process as deterministic. Randomness of the process (within both

the temporal and spatial domain) is not considered. The effects of natural variability

can be investigated by making numerous runs of a HEC-1 model with changes to

input variables.

8.1.3.2 Lumped Parameters: Many of the model parameters, for example the

Green and Ampt infiltration parameters, represent spatial averages. These are

"lumped" parameters that are intended to represent average conditions for a

watershed subarea, not values at a point in the watershed.

8.1.3.3 Unsteady Flow: The flow rates forecasted by the model vary with time.

The key limitations of the program are as follows:

1. Single Storm: A single storm event is modeled. Provisions are not available

for soil moisture recovery between independent storms or between bursts of

rainfall within a single storm.

2. Hydroiogic Routing: AH routing (channel and storage) is by hydrologic

methods. Hydraulic routing (the use of the St. Venant equations) is not

performed.

3. Results: The results are in terms of discharges and runoff volumes. Accurate

water stages are not provided for channel flow. The water stages for reservoir

routing do meet the standards of the profession for accuracy (except in the

tailwater reach of the reservoir where gradually varied flow would exist).
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8-2 WATERSHED MODELING

8,2.1 Modeling Process

The following general are encouraged in performing rainfall-runoff modeling:

1. Collect all pertinent information for the watershed:

a. maps

b. aerial photographs

c. soil surveys

d. land-use maps/reports

e. reports of flooding

1 streamflow data (if available)

g. reports of other flood studies (FEMA, county, etc.)

2. Prepare a watershed base map using the best available map and most

practical map scale.

3. Perform a preliminary subbasin delineation.

4. Conduct a field reconnaissance.

5. Finalize the subbasSn delineation.

6. Prepare the rainfall input.

7. Prepare the rainfall loss input.

8. Prepare the unit hydrograph input.

9. Prepare all routing input.

10. prepare a preliminary logic diagram.
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11. Prepare HEC-1 input file.

12. Debug and calibrate the model, where possible.

13. Execute the HEC-1 model.

14. Check results using indirect methods for discharge verification (Chapter 10).

15. Evaluate the model and results based on available information.

16. Revise the model, as appropriate, to best represent actual watershed

conditions. Model sophistication, such as incorporation of transmission losses,

is usually added to the model at this point.

17. Execute the final HEC-1 model.

18. Make final model verifications and evaluations.

19. Revise the logic diagram.

20. Prepare a report.

8,2.2 HEC-1 Logic Diagram

A schematic diagram for multiple subbasin models should be prepared and included

as a part of the final report. This diagram symbolically depicts the order of combining

and routing hydrographs. The data to be included are:

1. Subbasin data (subbasin name, area, Tc).

2. Channel routing data (length, slope, average "n" value, base width and/or other

dimensions, average velocity, transmission loss rate, peak discharge).

3. Storage routing (maximum stage, maximum storage)
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8.2.3 Model Time Base and Computation interval

The model time base and computation interval are controlled by the NMIN and NC

variables which are input in the IT record. These variables are defined as:

NMIN - The integer number of minutes in the tabulation interval used to

define the spacing of the hydrograph ordinates. This variable sets the

definition of the hydrograph. Too large a value will result in

inaccuracies in peak discharge and runoff volume estimates.

The following criteria are recommended for NMIN:

NMIN = 2 minutes for a 6-hour storm duration (drainage area less than

or equal to 1.0 square mile), and

NMIN = 5 minute for a 24-hour storm duration (drainage area greater

than 1.0 square mile).

NQ - NQ is the integer number of hydrograph ordinates to be computed.

There are a maximum of 300 allowed for the normal MSDOS version,

and 2,000 for the extended memory MSDOS version. The total time

base for the model is therefore NQ x NMIN, and this product must be

greater than the total storm duration specified on the PH record.

When using a 24-hour storm duration and NMIN = 5 minutes, NQ will normally be

300. If NMIN is larger than 5 minutes, NQ can often be less than 300. If NMIN

is less than 5 minutes, then NQ must be greater than 300 and the extended

memory MSDOS version must be used.

When using a 6-hour storm duration and NMIN = 2 minutes, NQ can usually be

set at 200. If NMIN is larger than 2 minutes, NQ can be less than 200. If NMIN

is 1 minute, then NQ must be greater than 300 and the extended memory MSDOS

version must be used.
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Note: See Section 8.3.1.1, Item 2.c. for guidance on inspection of HEC-1 output for

determination of the adequacy of the NMIN and NQ values, and guidance on

alternative selections of NMIN and NQ.

8.2.4 Subbasin Delineation

The process of breaking down a watershed into subbasins should be done with

careful consideration given to several critical factors. Defining these factors prior to

beginning the delineation will help to ensure that the model remains within the

limitations of the methodology used. It will also help avoid extensive revisions after

the fact. These factors are as follows:

8.2.4.1 Concentration Points: Identify locations where peak flow rates or runoff

volumes are desired. The following locations, as a minimum, should be considered:

1. Confluences of watercourses where a significant change in peak discharge

may occur.

2. Drainage structures and flood retarding structures.

3. Crossing of watercourses with major collector or arterial streets.

4. Jurisdictional boundaries.

8.2.4.2 Subbasin Size: Using the concentration point locations, estimate a target

average subbasin size to strive for, and estimate the smallest expected subbasin.

8.2.4.3 Time of Concentration: Estimate the time of concentration (Tc) for the

smallest subbasin. Using this value, determine the integer number of minutes (NMIN)

for the computation interval, which will usually be either 2 minutes or 5 minutes, and

estimate the number of hydrograph ordinates (NQ) required.

Note: Verify that the required NMIN and NQ estimates can be accommodated with

the version of HEC-1 proposed for use.
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8.2.4.4 Homogeneity: Considerations for subbasin homogeneity, in order to meet

. the Lumped Parameter assumption are:

1. The subbasin sizes should be as uniform as possible.

2. Each subbasin should have nearly homogeneous land-use and surface

characteristics. For example, mountain, hilislope, and valley areas should be

separated into individual subbasins wherever possible.

3. Soils and vegetation characteristics for each subbasin should be as

homogeneous as reasonably possible.

The average subbasin size may need to be adjusted (addition of concentration points)

as required, in order to satisfy the key assumptions upon which the HEC-1 model is

based.

8.2.4.5 Routing Lengths: The length of the channel reaches defined as a result

of the delineation should be considered while breaking down the watershed. A key

parameter used in routing a hydrograph through a channel reach is the number of

steps (NSTPS). Although this is most important for channel storage routing using the

Normal Depth option, it is also a good check to use when applying the Muskingum-

Cunge method. The minimum reach length should satisfy the following expression:

L = NSTPS • V^ - 60 • NMIN (8-1)

where: L = the minimum reach length, in feet.

NSTPS = a minimum of 1, but preferably more than 1.

Vavg = an estimate of the average velocity, in ft/sec.

Equation 8-1 is intended to be used as a guide in estimating the minimum channel

routing length (RLNTHmin) before delineating subbasins in a multibasin watershed

model. The use of Equation 8-1 to estimate the minimum reach length in the model

can improve modeling accuracy and will minimize routing instability warnings in the

model output. Section 5.2.2 should be consulted for discussion of problems that may

result if this recommendation is not followed.
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8.2.5 Precipitation and Rainfall Distributions

Field 1 of the PH record is coded if the model is used to estimate the 2-, 5-, or 10-

year flood magnitudes, otherwise it is left blank. This is done to correct the partial-

duration rainfall statistics from the NOAA Atlas 2 to annual-duration rainfall statistics.

No correction is needed for other flood frequencies. Reid 2 can be left blank for a

single-basin model. For a multiple subbasin model, Reid 2 must contain the total

watershed area (not the subbasin area) so that the correct rainfall depth-area

reduction factor will be applied. If design discharges are needed at existing internal

concentration points in the model, then either several different models will need to be

developed (one for each concentration point of interest) or the JD record option can

be used. Instructions in the HEC-1 User's Manual for use of the JD record option in

conjunction with the PH record for rainfall should be consulted. Insert the correct

precipitation values in Reids 3 through 8 of the PH record for a 6-hour storm, or use

Reids 3 through 10 of the PH record for a 24-hour storm.

8.2.6 Rainfall

Keep in mind that the rainfall loss parameters are averages, assumed to be evenly

distributed, for the subbasin. The percent impervious value (RTIMP) is the percent

of the subbasin area for which one hundred percent runoff will be computed. This

means that the impervious area is assumed to be hydraulically connected to the

concentration point. This parameter should be used with care. For urban areas,

RTIMP is the effective impervious area which is usually less than the total impervious

area. Rock outcrop is not often directly connected to the watershed outlet. Care

must be exercised when estimating RTIMP for rock outcrop.

S.2.7 Time of Concentration

Certain watersheds may require estimation of several Tc's for different hydraulically

most distant points. Use the largest Tc value that is calculated for the different flow

paths that are considered.

Since the unit hydrograph method is extremely sensitive to the Tc parameter, every

time of concentration estimate should be checked for reasonableness. Because of

the numerous watershed characteristics that influence Tc, verification of this
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parameter can be difficult. However, an evaluation of average flow velocities through

a subbasin can yield worthwhile information on the validity of the computed Tc value.

Any attempt to verify Tc calculations by using an average flow velocity analysis should

be pursued with caution. Due to the large influence that overland flow travel time has

on the subbasin Tc, an average flow velocity that is computed as simply L/TC , where

L is the length of the subbasin watercourse to the hydraulically most distant point, will

normally yield an average velocity that will appear urtrealisticaily low for the open

channel flow component of the Tc value. Since overland flow velocities are normally

on the order of a few tenths of a foot per second, they can consume a very large

proportion of the time of concentration for a subbasin.

Case studies have shown that it is not unusual for a simple L/TC calculation to

produce average flow velocities that are on the order of 2 to 3 fps for channels with

slopes in excess of three percent. Such low velocities would not normally be

considered reasonable for such steep-sloped channels.

Accordingly, a velocity analysis approach should consider separating the open

channel flow contribution of Tc from the overland flow portion of Tc. Average

velocities can be computed for each flow regime and then applied to the flow path

length that would be associated with each of these regimes. By dividing the flow path

length for each regime by the average velocity for each regime, a travel time can be

computed for each flow regime. The total subbasin travel time computed by such an

approach should be similar in magnitude to the estimated Tc value.

The following guidelines are suggested for computing the travel times for each flow

regime:

8.2.7.1 Open Channel Flow:

1. Use a 4-point trapezoidal cross-section to approximate the average main

channel geometry for the subbasin. The approximate cross-sectional

geometry, depth, and roughness should be based on field inspections

whenever possible.
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2. Record the channel slope value that was used for the Tc calculation.

3. Apply the data from Steps 1 and 2 to Manning's equation to compute the
average channel velocity that is associated with the bankfull discharge of the

channel.

4. Record the length (L) of the subbasin watercourse that was used for the Tc

calculation.

5. Compute the open channel travel time by dividing the watercourse length from

step 4 by the average velocity from Step 3.

8.2.7.2 Overland Flow:
1 . Compute the overland flow travel time with the following equation:

(8-2)
(P2)°-

5S°-4

where TOF = overland flow travel time (hours)
n = overland flow roughness
L = overland flow length (feet)
P2 = 2-year, 24-hour rainfall (inches)

S = overland flow slope (feet/feet)

Equation 8-2 is taken from Technical Release 55 (SCS, 1986). Guidelines for

selecting the overland flow roughness (n) are provided in the SCS reference, as well

as in the HEC-1 User's Manual. Overland flow lengths are generally less than 300

feet.

8.2.8 Hydrograph Operations
The primary hydrograph operations available with the HEC-1 program, other than

routing options, are combining and diverting of hydrographs. The combine operation
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is performed on the number of specified hydrographs starting with the most recent

operation and extending sequentially back to previous operations. Key points to

remember when using this operation are:

1. The maximum number of hydrograph locations that can be displayed using the

DIAGRAM option of HEC-1 is nine.

2. The maximum number of hydrographs which can be combined at one time is

five.

3. The total watershed area of the combined hydrographs may be entered

manually in Reid 2 of the HC record.

Hydrograph diversions may be used to simulate flow splits such as might occur at

street intersections, over elevated highways, or at distributary channel apexes. Key

points to remember about this operation are:

1. The split is done using a discharge rating table for the diversion with a

maximum volume cutoff option.

2. It is very important to check the shape of diverted hydrographs for oscillations

and to verify that the expected results are obtained.

3. When a diverted hydrograph is recalled into the stack, the drainage area

associated with the hydrograph is zero. The HEC-1 summary tables will reflect

incorrect areas unless the area is corrected using the manual area input option

(Reid 2 of the HC record) for the first combine operation downstream of the

recalled hydrograph.

8,2,3 Channel Routing

The channel routing option specified for use in this manual is the Normal Depth

method. The following are considerations for use of the Normal Depth channel

routing option:
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8.2.9.1 Number of Calculation Steps: The NSTPS parameter must be selected

with care. Normally, this parameter may be estimated iteratively as follows:

1. Make an initial estimate of NSTPS for each reach using an assumed average

velocity for the peak discharge.

2. Run the model and calculate the discharge velocity for each reach. This

velocity can be approximated by either of two methods.

The most accurate, and preferred, method is to perform a normal depth

calculation using Manning's equation. The normal depth calculation should use

the same channel data that is entered on the RC9 RX and RY records in the

HEC-1 model. The average peak discharge between the upstream and

downstream routing locations (obtained from the first run of the model) should

be used for the velocity calculation.

A more simplified and less time consuming method (although less accurate

than the previous method) is to estimate the discharge velocity by dividing the

routing length on the RC record by the difference between Time of Peak" at

the upstream and downstream routing limits. The Time of Peak" values are

listed in the Runoff Summary of HEC-1 output file.

The accuracy of this second method is subject to compromise because of

program rounding protocol when printing the Time of Peak". The times to

peak are based on multiples of the user selected computation interval (NMIN).

Errors are created when the actual routing time is not an exact multiple of

NMIN.

3. Estimate the new NSTPS values for each reach based on the calculated

discharge velocity. Update and run the HEC-1 model.

4. Perform Steps 2 and 3 until the NSTPS values stabilize. This normally occurs

within three iterations.
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8.2.9.2 Channel Geometry: Considerations, which should be checked by field

reconnaissance, when possible, for the Normal Depth method are:

1. All eight points on the cross section should be meaningful.

2. Be sure there is sufficient hydraulic capacity to convey the peak flow without

overtopping the section.

3. Be sure that the cross section is representative of the average characteristics

of the reach. If there are significant variations in section geometry, the reach

should be broken down into multiple shorter reaches.

4. Verify that the Manning's "n" values for the cross section are representative of

the average characteristics of the reach. If there are significant variations in

roughness, the reach should be broken down into multiple shorter reaches.

8.2.9.3 HEC-1 Warnings: A common warning message is the following:

***WARNING*** Modified Puls Routing May Be Numerically Unstable For

Outflows Between "Q," to "Q2".

When this warning occurs, the following steps should be taken:

1. Examine the outflow hydrograph for oscillations and check the outflow peak

against the inflow peak to be sure that the routed peak did not increase in

magnitude. If these checks are satisfactory, then the warning can generally be

considered to be satisfactorily addressed.

2. The NMIN variable can be reduced until the warning message goes away, or

the calculated peak lies outside the specified range. However, when changing

the NMIN value remember that this may affect other input parameters such as

NQ and NSTPS.
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8.2.10 Reservoir Routing

Modeling of reservoirs and detention basins can be accomplished using the modified

Puis storage routing option of HEC-1. It is recommended that iow level outlets,

spillways, and structure overtopping be modeled using a discharge rating curve (SQ

and SE records). The rating curve should be developed using appropriate manual

calculation methods.

8-3 MODELER'S/REVIEWER'S CHECKLIST

The following is a checklist for the usual HEC-1 records that are used in watershed

modeling using the procedures in this manual.

8.3.1 HEO1 Input

3.3.1.1. Job initialization Records:

1. ID Records

a. The first ID record should contain the project name/number, modeler's

name, and date of analysis.

b. Additional ID records should be used to document the analysis, i.e.,

special model input, unique assumptions, unusual watershed conditions,

etc.

c. Revisions should be clearly identified on subsequent ID records.

2. IT Record

a. NMIN: In general, NMIN will be selected as follows:

NMIN = 2 minutes for a 6-hour storm duration, and

NMIN = 5 minutes for a 24-hour storm duration.

There may be situations requiring a different selection for NMIN. NMIN

should not exceed 0.25 Tc for the subbasin with the shortest time of

concentration (Tc). NMIN should be an integer. NMIN cannot be less

than 1 minute.

b. IDATE and ITIME: These records identify the date and time of the start

of rainfall. These fields normally will be left blank when using the PH

record for precipitation.
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c. NQ: In general, NQ wili be selected as follows:

NQ = 200 for a 6-hour storm duration, and

NQ = 300 for a 24-hour storm duration.

However, there may be situations requiring a different selection for NQ.

Therefore, inspect the HEC-1 output for each subbasin to verify that the

last discharge that is tabulated for the tail of the hydrograph is less than

about 5 percent of the peak discharge for that hydrograph. If it is not,

then either NQ or NMIN or both must be increased. The following must

be observed when increasing either NQ or NMIN:

1. NQ cannot exceed 300 unless the extended memory MSDOS

version of HEC-1 is used. Therefore, when using the 24-hour

storm duration, either NMIN must be increased or the extended

memory MSDOS version must be used if the discharge tail of the

hydrograph does not recede to less than 5 percent of the peak

discharge.

2. NMIN should not exceed 0.25 Tc for the subbasin with the

shortest time of concentration (Tc).

Note: Refer to Section 8.2.3 for additional discussion.

3. IO Record

a. JPRT: Level 3 or lower is suggested for IPRT for model development

and review, since some error messages may not be printed with higher

output levels. Levels 4 or 5 can be used for final (report) runs to

minimize output length.

8.3.1.2 Basin Records:

1. BA Record

a. TAREA: This is the total contributing watershed area, in square miles,

for a single-basin model, or the subbasin area for a multiple subbasin

model.
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2. BF Record

a. Stream basefiow, in cfs, can be added to the runoff hydrograph to

reflect desired conditions such as flow antecedent to the storm,

upstream reservoir release, etc.

b. Use of BF for a subbasin should be reset to zero (or other value) for the

following subbasin or the previous BF value will be carried over to each

subsequent subbasin.

8.3.1.3 Precipitation Reeord:

1. PH Record

a. If flood estimation is for 2-, 5- or 10-year floods, the correct value of

PFREQ must be used in Reid 1 and left blank for other flood

frequencies.

b. If a multiple subbasin model is used, TRSDA is the total watershed

area, in square miles, and Reid 2 must be used.

c. The correct rainfall depths are inserted in Fields 3 through 8 if the total

watershed area (not subbasin area) is 1.0 square mile or smaller (6-

hour storm duration).

d. The correct rainfall depths are inserted in Fields 3 through 10 if the total

watershed area is larger than 1.0 square mile (24-hour storm duration).

8.3.1.4 Rainfai! Loss Records:

1. LG Record

a. IA: This value is surface retention toss, in inches. This is less than

initial abstraction.

b. DTHETA, PSIF and XKSAT: These are the area weighted values of the

Green and Ampt parameters.

c. RTIMP: This is the directly connected impervious area, in percent. No

rainfall losses are calculated for this area.

2. LU Record

a. This method is onjy_ to be used if the Green and Ampt method is

inappropriate.
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b. STRTL: This value is the suni, in inches, of surface retention loss (IA)

and the initial infiltration loss prior to surface ponding. This is equivalent

to initial abstraction.

c. CNSTL: This value is the equivalent uniform in inches per

hour.

d. RT1MP: This is the directly connected impervious area, in percent. No

rainfall loses are calculated for this area,

8.3.1.5 Unit Hydrograph Records:

1. For a multiple subbasin model, an subbasin unit hydrognaphs have a duration

equal to NMIN.

2. UC Record

a. Tc: This is the basin or subbasin time of concentration, in hours.

Check that this value is reasonable for the basin or subbasin.

b. R: This is the storage coefficient, in hours.

3. UA Record

a. Check that the correct UA values are used. If a UA record is not

supplied, the HEC-1 default time-area relation is used.

8.3.1.6 Hydrograph Operation Record:

1. HC Record

a. No more than five hydrographs can be combined at any time.

b. No more than nine hanging hydrographs can be carried on a schematic

diagram.

c. TAREA: This is the tota! area, in square miles. It is usually left blank.

TAREA should be specified if a previously diverted hydrograph is to be

added at that point.
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8.3.1.7 Channel Routing Records:

1. RS Record

a. NSTPS: Number of steps to be used in the Normal Depth channel

routing. (See Sections 8.2.4.5 and 8.2.9.1)

b. ITYP: Insert FLOW indicating that the discharge for the beginning of

the first time period is specified in the next field.

c. RSVRIC: The discharge value, in cfs, corresponding to the desired

starting condition at the beginning of the routing operation (often 0 for

conditions in Arizona unless the stream or river is assumed to have

baseflow).

2. RC Record

a. ANL, ANCH and ANR: These channel roughness n values should be

reasonable and inserted in the record in the correct order.

b. RLNTH: Same as L in RS record.

c. SEL: Same as S in RS record.

d. ELMAX: Not usually used. May be left blank.

3. RX and RY Records

a. All eight stations must be used.

b. Values are in feet.

c. Sequential values on the RX record must not decrease in magnitude.

d. The cross section must be "typical" for the routing reach.

e. The defined cross section must have adequate capacity to contain the

peak discharge. If not, HEC-1 will extend the two end stations

vertically, and this is usually inappropriate for broad, shallow overbanks

in Arizona

f. Care must be exercised in defining the channel geometry to avoid non-

effective flow areas.
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8.3.1.8 Storage Routing Records:

1. RS Record

a. NSTPS: This is the number of steps used in the calculation. NSTPS=1

for reservoir storage routing. NSTPS must be calculated if this method

is used for Normal Depth channel routing.

b. ITYP: Use STOR if the initial condition of the reservoir will be indicated

by an existing storage volume. Use FLOW if the initial condition of the

reservoir or channel will be identified by an existing discharge. Use

ELEV if the initial condition of the reservoir or channel will be identified

by an existing water surface elevation.

c. RSVRIC: This is the value of the initial routing condition (storage, in

acre-feet; discharge, in cfs; or elevation, in feet) as indicated by STYP.

2. SV/SA Records

a. When using the SV record, RCAP is storage volume, in acre-feet,

corresponding to the elevation value in the same Field in the following

SE record.

b. When using the SA record, RAREA is surface area, in acres,

corresponding to the elevation value in the same Reid in the following

SE record.

3. SE Record

a. This record is placed immediately after either an SV or SA record.

b. ELEV: This is the water surface elevation, in feet, corresponding to

values in the same Field of either the SV or SA record.

c. SV/SA and SE values should correspond to an established volume/area

versus elevation rating curve.

4. SQ Record

a. This record is used to define a stage-discharge relation. DISQ is

discharge, in cfs, corresponding to the previous SV/SA and SE records,

or a separate SE record for use with the SQ record on]y. can be placed

immediately after the SQ record.
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8.3.1.9 Transmission Record

1. RL Record

a. The preferred method is by specifying the unit area percolation rate

(PERCRT), in cfs/acre, in Fieid 3. If that method Is used, the

Muskingum-Cunge channel routing method cannot be used. Storage

routing (also called Normal Depth lor channel routing, RS record) must

be used.

b. ELVINV: This is the lowest elevation on the 8-point section geometry

(RY record). Transmission will not be calculated if this value is

not specified.

8.3.2.1 Errors* All error must be checked. Output level (IPRT) 3 or

must be entered on the IO record for all error messages to appear. The HEC-1

manual contains a section explaining the error messages and how to correct them.

8.3.2.2 Diagram: Check the schematic. Follow the diagram on the watershed map

and see if it is correct and reasonable.

1. Make sure there are no "hanging hydrographs" left.

2. Make sure that all of the diverted hydrographs have been accounted for.

3. Make sure that all of the subareas are attached and are being combined in the

proper sequence. All upstream subareas must be combined before routing

through a downstream channel

8.3.2.3 Area: Check the accuracy of the total drainage area. Normally, for basins

with a single outlet, the easiest way is to check the last number on the "area" column

in the HEC-1 summary table. For basins with several outlets, the contributing area

for each outlet may have to be added together and then checked for accuracy.
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If USGS streamgages are present in the watershed, the HEC-1 area above the gage

concentration point should be compared to USGS published reports. Previous studies

of the watershed may also prove useful for comparison of areas.

When a diverted hydrograph is returned (HC record), the area associated with it must

also be returned (Reid 2), if the user desires the HEC-1 output summary to reflect

accurate basin areas at downstream concentration points that combines the diverted

hydrograph with other HEC-1 operations.

8.3.2.4 Losses: Look through the output for each subbasin. Check the total rainfall,

total losses and total runoff. If zero or a very small number is noticed in any of these

columns, the input for that subbasin must be examined. It is possible to drop a loss

record (LG, LU) and not get an error statement in the output. Check the loss columns

for inconsistency. Inconsistencies in estimated losses must be examined.

8.3.ZS* Rooting:

1. Check the applicability of the routing methodology applied.

2. Check that the outflow is not greater than the inflow.

3. Check for instability in the outflow hydrograph. This can be done by using

level 1 (IPRT) output or by plotting the hydrograph.

4. Check to see that the flow is contained within the channel. HEC-1 will normally

extend the banks vertically if the channel cross section area is not large

enough.

5. Check travel time. Travel time can be translated back to velocity or wave

celerity. If the travel time seems too long or too short, examine the input

parameters for the routing. Routing steps in the input can be checked against

the output velocity.
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6. Routing procedures will normally result in some attenuation of the peak flow.

This attenuation (or lack of) should be checked for reasonableness.

7. Routing will not only attenuate the flow, but will also delay the peaks and

therefore will separate them in time. This separation of peaks can have a

substantial effect when combining hydrographs and on the resulting peak at the

outlet Choosing short reaches or using large computation time intervals will

cause the peak time to default to the nearest time interval which can be 0

(instantaneous translation of the hydrograph through the reach). The

cumulative effect of this may result in substantial error.

8.3.2.6 Peak Runoff: Since HEC-1 does not have a summary table showing unit

discharge (cfs/square miie), it is recommended that reviewers develop this information

themselves. Unit discharges could be used to compare flows from one subbasin with

another. Since unit discharge depends on many factors such as area, slope, losses,

etc., this comparison may be difficult. However, large differences in unit discharge

should alert the reviewer to check the input for discrepancies.

8.3.2.7 Time to Peak: Check the time to peak column in the HEC-1 summary table:

1. Generally Tp's are expected to increase with drainage area size. If all the Tp's

appear to coincide or are very close, the computation time interval (NMIN) on

the IT record must be examined or changed and routing operations should be

changed.

2. Check that the Tp's occur after the most intense portion of the rainfall period

(more than half the duration of the rainfall using the PH record).

8.3.2.8 Volumes: Check the output to determine if the volume of runoff is

reasonable. This may prove to be somewhat difficult since there are very few "yard

sticks" developed for comparing runoff volumes. Experience and published reports

should be relied upon to determine if the runoff volumes are reasonable.
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8.3.2.9 General:

1. Compare the peak flows and unit discharges against available data for the

area. Inconsistencies in these discharges may indicate to the reviewer that

errors exist in the HEC-1 input.

2. Keep the subbasin areas as uniform as possible. Otherwise, it is easy to

overestimate the peaks for small subbasins and underestimate the peaks for

large subbasins.

3. Separate mountainous areas from the adjacent valleys. Most of the peak is

generated from hill slopes and attenuated in the valley. Mixing the two may

cause incorrect results.

4. Peaks are most affected by the time of concentration. Volumes are most

sensitive to loss functions.

5. When calibrating the HEC-1 model, make sure adjustments are made properly.

For example, losses should not be adjusted where time of concentration is the

major cause of the differences.

6. Time of concentration and lag time are not interchangeable. It is important to

use them property since peak flows are extremely sensitive to these

parameters.

7. Manning's friction coefficient for routing must be used property for main

channel and overbanks. If sheet flow is present, the n values must be adjusted

accordingly.
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8. When comparing existing versus propo'sed conditions, all the model parameters

(rainfall losses, unit hydrographs, routing, etc.) must be adjusted accordingly.

Proposed storm sewer pipe flows are more efficient than surface flows and can

increase peak discharges. For more frequent storms, where depth of fiow is

small, introducing street networks may effect the flow paths. This may require

a re-examination of subbasin boundaries.
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CHAPTER 9

FLOOD ANALYSIS

9.1 INTRODUCTION

9.1.1 General Discussion

Flood frequency analysis is a procedure for computing flood magnitude frequency

relations where systematic stream gaging records of sufficient length are available.

The result of such an analysis, as presented herein, is a graph of peak discharge as

a function of return period. This graph can be used to estimate the flood magnitude

for selected return periods, generally between 2-year and 100-year. The resulting

flood magnitude-frequency relation can be used to (1) estimate the design flood peak

discharge, (2) provide estimates of flood peak discharges for the calibration or

verification of rainfall-runoff models, (3) provide regional estimates of flood magnitudes

that can be used to check or substantiate other methods to estimate flood magnitudes

or to develop regional flood discharge relations, or (4) perform other hydrologic

studies, such as the investigation of flood magnitudes from snowmelt to be used as

baseflow to a watershed rainfall-runoff model.

9-2 PROCEDURE

9.2.1 General Considerations

1. The procedure requires the compilation of recorded, estimated, and historic

annual peak discharge data that are generally collected by federal agencies,

but on occasion are available through or augmented by state, county, or local

agencies. Therefore, an important component of such an analysis involves the

careful and complete documentation of all available flood data. In addition,

historic flood information must be sought out and compiled.

2. The procedure is a graphical analysis that requires considerable interpretation

and judgement. Many of the data collection and analytic procedures can be

conducted by less experienced personnel, however, it is advisable that such

an individual work under the direct supervision of an experienced practitioner.
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3. The procedures, outlined in this section, are taken from research reports,

hydrologic studies, and other professional publications. The procedures to br

applied are summarized, herein, and do not contain technical discussion o,

extensive instructions. The key sources of this procedure are provided with

some additional explanation in the separate Documentation Manual. Users of

this procedure should familiarize themselves with the background and theory

by studying Reich, 1976 and Reich and Renard, 1981 and other pertinent

literature.

9.2.2 Applications and Limitations

1. A minimum of 10 years of continuous, systematic data Is required to perform

the recommended procedure.

2. Since the accuracy of flood-frequency relationships is directly related to the

record length used to derive the relationship, the user should be aware that the

reliability of peak discharge estimates will decrease when the flood return

interval associated with such a discharge exceeds twice the record length.

3. Flood discharge records must be carefully inspected and evaluated prior to

their adoption for analysis. For example, the construction of a dam upstream

of the gaging station prior to or during the period of record, or the progressive

urbanization of the upstream watershed will require, special treatment of the

data, discussed in the Preliminary Data Analysis of this chapter, prior to its

analysis or rejection of the data for analysis.

4. A fiood frequency analysis provides flood magnitude-frequency relations that

are representative of conditions in the watershed for the period of recorded or

historic data. This may or may not be representative of conditions that are

desired for design purposes. If the past conditions of the watershed are not

representative of desired design conditions, then rainfall-runoff modeling of the

watershed will be required; although, knowledge of the past flood frequency

relation would be valuable in the development and calibration of the rainfall-

runoff model.
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5. Flood data have extremely large natural variability and even relatively long

records of data may not represent the true occurrence of floods that may be

anticipated. In addition, such data may not reflect long-term trends or cycles

in the hydrologic processes. Flood records either may not reflect adequate

large floods (leading to underdesign) or may contain one or more exceptionally

large and truly rare floods (leading to overdesign). No matter how good the

data, the interpretation of the flood frequency relation must be made with the

full understanding of the uncertainty of the data, and the associated risk

involved. For this reason, a procedure to place confidence limits about the

fiood frequency relation is provided.

6. Many other theoretical and practical limitations and applications to this

procedure apply which are expected to be understood and appreciated by the

users of this procedure and the users of the results. Appropriate design

considerations must be made in regard to the accepted risk and the

consequences of failure and/or overdesign.

9.2.3 Data

Two types of peak discharge data are to be collected; 1) systematic records, and 2)

historic data.

9.2.3.1 Systematic Records: These are stream discharge data that are

systematically observed and recorded at stream gaging stations that have continuous

recorders or crest-stage gages. Often, these stations have flood peaks that were

estimated for large floods during periods when the gage was not operated, and such

flood estimates are generally considered as part of the systematic record. The major

source of this systematic data for Arizona are the records of the U.S. Geologicai

Survey (USGS). The published records of the USGS can be used to obtain much of

this data, although the USGS should be consulted to obtain more recent, unpublished

data and to confer with USGS personnel on the quality of the data and on possible

other sources of data or related studies. Additional stream discharge data may be
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available from state agencies, such as the Arizona Department of Water Resources,

and county or local agencies. Systematic records can be continuous, broken, or

incomplete.

9.2.3.2 Continuous records: are those for which annual flood peak discharges are

available from the data collection agency for each water year for the entire period of

record.

9.2.3.3 Broken records: are those for which annual flood peak discharges are

available for two or more distinct periods that are separated by periods for which data

were not obtained because of conditions not related to flooding, such as temporarily

discontinued gaging stations. For broken records, the length of the systematic record

is the sum of the individual periods of data collection. Broken records need to be

carefully investigated to assure that physical changes in the watershed did not occur

that would affect the flood magnitudes.

9.2.3.4 Incomplete records: refer to records in which one or more annual flood

peak discharges are missing because they were either too high or too low to record,

or the gage was temporarily out of operation because of flooding or other natural

cause. Missing high and low flow data require different treatment. When high flood

discharges were not recorded, there is usually information available from which the

peak discharge can be estimated. The collecting agency will usually provide such

estimates and these are usually so noted in the records of the age.ncy. These high

flood estimates should be noted in the data compilation forms. This Information can

be used in considering the accuracy of the plotted data point. Missing low flows can

be treated as zero flows (see the Special Cases in Data Treatment, Zero Flow Years).

9.2.3.5 Historic Data: At many locations, particularly near urban areas, there is

information about major floods which occurred either before or after the period of

systematic data collection. This information can often be used to make estimates of

peak discharge. Also, such data often defines an extended period during which the

largest floods, either recorded or historic, are taTown. The USGS includes some

historic flood information in its published reports and computer files. Additional
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information can sometimes be obtained from the files of other agencies or extracted

from newspaper files or by intensive inquiry and investigation near the site for which

the flood frequency information is needed.

Historic flood information should be obtained and documented whenever possible,

particularly where the systematic record is relatively short. Use of historic data

assures that estimates are consistent with local experience and improves the

frequency determinations.

9.2.4 Extraordinary Floods

Extraordinary floods are floods with magnitudes that are considerably higher than the

vast majority of floods in the record. Extraordinary floods can be either systematic or

historic. Most historic floods, by virtue of the fact that they were noted during a period

when systematic data were not collected, are also extraordinary floods. Three

situations are used to classify floods as extraordinary: (1) when the flood magnitude

is determined to be a high outlier as described later, (2) when certain floods from the

systematic record are larger than any historic flood, and (3) when peak discharges

from the systematic record are known to be larger than other, non-recorded, annual

peak discharges for a period extending to some year prior to the start of the

systematic record, or for a period after a systematic record was discontinued.

9.2.5 Illustrative Flood Series and Definitions

Figure 9-1 illustrates a series of systematic and historic flood data. This illustration

demonstrates the definitions and variables that are used in this section. In this

example, a flood study is to be performed for which flooding information is available

through 1990. A broken, systematic record exists for 1940 through 1945 and 1950

through 1980, inclusive. An historic flood occurred in 1915 which is known to be the

largest since 1890. Another historic flood occurred in 1986 after the gage was

discontinued. The 1974 flood is larger than the 1986 flood and therefore the 1974
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flood is extraordinary. The high outlier limit was calculated and the 1960 flood

exceeds that magnitude and therefore it also is extraordinary. A zero flow year

occurred in 1971. The low outlier limit was calculated and the 1951 flood is less than

that magnitude and therefore it is treated as a zero flow year. The following are the

values to be used in this flood frequency analysis:

Effective record length (N) (See 9.2.8.2 for definition.)

N = 1890 through 1990 = 101 years

Note: The effective record length is extended to 1990 because of the

presence of historic data and extraordinary floods in the record which

are known to riot have been exceeded during 1981 through 1985 and

1987 through 1990.

Length of systematic record (Nt)

Nt = 1940 through 1945 and 1950 through 1980 = 37 years

Zero flow years (Z)

Zero flow (1971) = 1 year

Flow less than low outlier (1951) = 1 year

Z = 1 + 1

Effective length of systematic record (Ns)

Ns =N t -Z

= 37 - 2 = 35 years

Number of historic floods (not in systematic record) (h)

1915 and 1986

h = 2 years

Number of extraordinary floods (in systematic record) (e)

1960 and 1974

e =2 years

Total number of historic plus extraordinary floods (h)

k = h + e

= 2 + 2 = 4 years

Number of systematic plus historic data (Ng)

Ng = Ns + h

= 35 + 2 = 37 years

The use of these variables is defined in the following paragraphs.
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9.2.6 Data Compilation

The data that are collected are to be compiled in a table with the following headings'

water year; the annual peak discharge (cfs); date of peak discharge; source of data,

whether flood was caused by rainfall (R)> snowmelt (S), rainfall on snowmelt (R/S),

or uncertain (U); and any necessary comment concerning the quality of the data or

nature of the flood. A data compilation form is shown in Figure 9-2.

9.2.7 Preliminary Data Analysis

A time series graph of fiood peak discharge as a function of water year will be

prepared to investigate the stationarity of the flood record. Nonstationarity is indicated

either by trends in the magnitudes of the floods, or by sudden discontinuities in flood

magnitudes, or by a change in the scatter of the flood magnitudes. Either a bar graph

or a line connecting the points, or both types of graphs can be used. A bar graph is

more effective when showing historic floods or broken records where large time gaps

may exist. Line graphs often are better at demonstrating trends or cycles in time

series of fiood peaks. Only data that exhibit stationarity are to be used in the flood

analysis. Therefore, investigate the graph(s) and the history of the watershed and

gaging station to determine if there are reasons to question the stationarity of the

flood record. Other, more complex statistical methods can be used to test for

stationarity if the time series graph(s) and other investigations indicate that

nonstationarity may exist (Kite, 1988; Buchberger, 1981; and Reich and de Roulhac,

1985); however, such tests and others are beyond the scope of this Manual and they

are not contained in the Manual. Nonstationarity can be caused by the construction

of upstream dams or other man-made activities affecting flood magnitude, progressive

urban development in the watershed, diversions into or out of the river, or iong-term

and cyclic atmospheric processes. The discharge records often provide information

to judge whether man-made activities are responsible for changes in the flood

records.
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name
Location/Station
Designer

TRACS No.
Date

Checker

FIGURE 9-2
FLOOD FREQUENCY ANALYSIS

DATA COMPILATION FORM Page 1 of.

Gage Station Name
Gage Station No. Drainage Area, _sq. mi.
Period of Systematic Record

WATER
YEAR

(1)

ANNUAL PEAK
DISCHARGE (cfs)

(2)

DATE

(3)

FLOOD,
TYPE

(4)

COMMENTS

(5)

a • rainfall (R), snowmelt (S), rain on snow (R/S), uncertain (U), other (X) - note In comments

MARCH 1993 9-9



ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No. TRACS No.
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e Date
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Checker

FLOOD FREQUENCY ANALYSIS
DATA COMPILATION FORM Paqe of

WATER
YEAR

(1)

ANNUAL PEAK
DISCHARGE (eis)

(2)

DATE

(3)

FLOOD a

TYPE
(4)

COMMENTS

(5)

a - rainfall (R), snowmeit (S), rain on snow (R/S), uncertain (U), otner (XJ-notein comments
FIGURE 9-2 Continued

MARCH 1993 9-10



The second preliminary analysis, that will be important for rivers that drain

mountainous watersheds in Arizona, is the determination of the cause of the flood

discharge. Floods in Arizona will normally be caused by rainfall, snowmelt, or rainfall

on snowmelt It is necessary to distinguish the cause of the floods to avoid mixed

populations in the flood frequency analysis. Often the cause of the flood peak

discharge can be determined by simply considering the date of the flood. During the

spring and fall it may not be possible to make this simple determination and often this

judgement can be made by inspecting the daily discharge records for the days

immediately prior to and after the flood date. In other cases, it may be necessary to

inspect the flood stage hydrograph record, consult meteorologic data (rainfall and

temperature), refer to flood reports, talk to local authorities, or use other means to

make this judgement. The data compilation (Figure 9-2) should document the cause

of the flood.

9.2.8 Plotting Position

Two plotting position equations are recommended; the first is to be used for

systematic data of continuous, broken, and incomplete records; the second is to be

used for records containing historic and/or extraordinary data. The use of both

plotting position equations are demonstrated with examples. The equation relating the

exceedance probability (Pe), to the flood return period (Tr), in years, is:

- (9-1)

9.2.8.1 Systematic Data Equation: For systematic data, the plotting position

equation is (Cunnane, 1978):

r, - (9-2,
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where Pe = the exceedance probability of a flood event,

m = the rank of each flood in descending magnitude order, and

Ns = the effective length of systematic record.

Note: If zero flow years (or low outliers) exist, then Equation 9-8 must

be used along with Equation 9-2.

9.2.8.2 Historic or Extraordinary Floods plus Systematic Data Equation: For

flood records containing one or more historic data and/or extraordinary floods, the

plotting position equation is (Quo, 1990):

P , fjZLid) (.*)
8 U+.2 AM

for m = 1,...., k

P = JL + (N - k\(m - k - A
0 N [ N \\N- k+ .2

N ~ k
AL - es\

(9-3)

for m = k+ 1,..., Ng

where Pe = the probability of flood exceedance,

m = the rank of each flood event (from 1 to Ng) in descending

magnitude order,

N = the effective record length. (This is usually the number of

years for the period from the first historic flood to the last

year of the systematic record, or the number of years

between the year that an extraordinary flood has not been

exceeded (prior to the start of systematic data collection)

to the end of the systematic data or the present year of

analysis, if appropriate. Some judgement will be

necessary in certain cases in selecting the effective record

length for records containing extraordinary floods (see

Example No 9-3, Hassayampa River near Wickenburg,

Arizona),
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Ns = the number of years in the systematic record, less zero

flow years and low outlier years,

Note: If zero flow years (or low outliers) exist, then Equation 9-8 must

be used along with Equation 9-3.

h = the number of historic data,

e = the number of extraordinary floods in the systematic

record,

k = the number of historic plus extraordinary floods, and

Ng = the number of systematic plus historic data, Ng = Ns + h.

9.2.9 Use of Plotting Position Equation

The compiled flood data (Figure 9-2) are ranked from largest to smallest using the

form in Figure 9-3. The plotting position is calculated by either Equation 9-2 or 9-3,

as appropriate. There may be other data investigations or special treatments to the

data that need to be considered or undertaken prior to the calculation of the plotting

position. These special cases involve mixed populations of floods from rainfall and

snowmelt, records containing zero flow (or low flow) years, and records that may

contain high or low flow outliers. Discussion of these special cases is contained in a

later section.

9.2.10 Graph Papers

The graphical analysis is to be performed by plotting the .annual peak discharges

corresponding to a specified plotting position on the following probability papers; log

normal (LN), extreme value (EV), and log extreme value (LEV). These probability

papers were devised to graphically portray data that are from a specific probability

distribution. The following graph paper forms are provided for this purpose:

Figure

log-normal, 2 cycle 9-4

log-normal, 3 1/2 cycle 9-5

extreme value 9-6

log-extreme value, 2 cycle 9-7

log-extreme value, 3 1/2 cycle 9-8
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Project No.
Project Name
Location/Station
Designer

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No..
Date

Checker

FIGURE 9-3
FLOOD FREQUENCY ANALYSIS

PLOTTING POSITION CALCULATION FORM Page _1_ of.

Gage Station Name
Gage Station No. Drainage Area, _sq. mi.
Period of Systematic Record

Check If tne data contains any of the following:

Mixed Population „ High Outliers

Zero Flow Year . Low Outliers

Document the plotting position equation or data treatment on a separate sheet.

Broken Record
Historic or
Extraordinary Data

FLOOD PEAK
DISCHARGE (cfs)

(1)

RANK

(2)

PLOTTING POSITION

(3) (4)
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No.
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PLOTTING POSITION CALCULATION FORM Page of

FLOOD PEAK
DISCHARGE (efs)
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FIGURE 9-3 Continued

MARCH 1993 9-15



FIGURE 9-4
LOG-NORMAL 2 CYCLE GRAPH PAPER
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FIGURE 9-5
LOG-NORMAL 3^ CYCLE GRAPH PAPER
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FIGURE 9-6
EXTREME VALUE GRAPH PAPER
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FIGURE 9-7
LOG-EXTREME VALUE 2 CYCLE GRAPH PAPER
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FIGURE 9-8
LOG-EXTREME VALUE 3^ CYCLE PAPER
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9.2.11 Plotting Data on Graph Paper

The flood frequency data (Figure 9-3) are plotted on all three types of graph paper;

LN, EV, and LEV (Figures 9-4 through 9-8). The intent of this multiple plotting

process is to identify the graph paper for which the data plots most nearly as a

straight line. Fitting a straight line to the data is necessary so that the line can be

extended beyond the range of plotted data points. If the data points appear to be

curved instead of a straight line, it is an indication that the data do not follow the

probability distribution for which the graph paper was prepared. In this case a

curved line must not be fitted through the data points since the extension of

curved lines by graphical methods is subjective, leading to increased uncertainty

in the flood estimates, and lack of reproducibility among various users.

Several general cases can be observed in the plotting of the data on the graph

paper: (1) the data can plot very nearly as a straight line on one of the graph

papers and not as a straight line on the other two, (2) the data can plot nearly

linearly, and equally as well, on two or three of the graph papers, and (3) the data

do not plot as a straight line (even for the high discharge range) on any of the

graph papers. This graphical analysis occasionally results in Case 1 above for

which the analysis and interpretation is greatly facilitated. However, often the

analysis results in either Case 2 or 3 for which the analysis and interpretation is

complicated, or, in some rare cases, beyond interpretation by these techniques.

The following are offered as guidelines and suggestions in performing graphical

flood frequency analyses and in refining the art of performing such analyses:

1. Read and study the literature that is available on this topic. Of particular
value are the papers by Reich (1976) and Reich and Renard (1981). Those

papers are included in the Documentation Manual and are available through
ADOT.

2. Figure 9-9 (King, 1971) provides guidance in the shape of data of unknown

probability distribution when plotted on the three recommended graph

papers. Notice that when the unknown distribution of the data is the same
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as the distribution of the graph paper, the data plots as a straight line {the

desired situation). Use of Figure 9-9 can help identify the most appropriate

graph paper by comparing the general shape of the plotted points to the

shape of the lines in Figure 9-9.

3. Some deviation of individual points from the straight line is acceptable.

Large flood magnitudes (maybe the largest and second largest events) will

often deviate from a linear relation on any graph paper. This is often,

though not a general rule, the result of estimation error of such large flood

magnitudes that exceed the limits of the gaging station rating curve.

4. Three probability distribution graph papers are recommended but this does

not preclude use of other graph paper for other probability distributions. !f

linearity is not achieved with one of the three recommended graph papers,

then consideration might be given to others described by King (1971). A

more comprehensive set of comparative graphs (as shown in Figure 9-9) is

presented by King to aid in the selection of alternative graph papers.

Alternatively, if linearity is not achieved by the described procedure, then

analytic flood frequency procedures can be considered.

5. There will be situations where the data may plot as two straight lines (one

for the smaller flood discharges and another for the larger discharges). This

may be indicative of a mixed population of rainfall and snowmelt floods, or

different regimen of rainfall events, one for local storms covering only partial

areas of the watershed and another for genera! storms or larger areal extent

local storms. If further investigations indicate a mixed population, then treat

accordingly (see Special Cases). Otherwise, fit the straight line to the larger

flood events.

6. Use hydrologic judgement, based on regional experience with flooding and

specialized training, to fit straight lines to the data with emphasis given to

the larger half (P less than 0.5), or so (P less than 0.1 in extreme cases),
fcj G

of the observed floods.
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7. Small flood events (Pe greater than 0.5), if they deviate from an otherwise

linear relation on the graph paper, need not be considered when attempting to

estimate the large floods.

8. Deviations can be expected in even the best data sets, and such deviations will

occur about the "best fit" line. Some data points will be above the line and

some below the line, and this is acceptable as long as the data points appear

• to be linearly arrayed rather than curvelinearly arrayed. If use of more than

one graph paper indicates linearity, select the graph with the least scatter about

the line.

9. When it is difficult to select the best choice of graph paper; that is, having

similar linearity (or lack of) and similar data scatter about the line, it may be

possible to review or perform a flood frequency analysis for a regional and

hydrologically similar watershed with better quality data. Such an analysis may

indicate a clear choice of governing probability distribution and a valid reason

to accept the comparable graph paper for the watershed being studied.

9.2.12 Special Cases in Data Treatment

Three relatively common hydrologic factors may need to be considered, and the data

treated accordingly, before proceeding with the graphical flood frequency analyses.

These factors need to be considered after the data are compiled and after the

preliminary data analyses are performed. These hydrologic -factors and the

appropriate data treatments involve; (1) mixed populations, (2) high and low flow

outliers, and (3) zero flow years.

i.2.12.1 Mixed Populations: Mixed populations result when floods are the result

of two or more distinct and independent hydrologic events; such as floods from rainfall

runoff and floods from snowmelt.

If mixed populations are indicated, then the data treatment and graphical analysis

should proceed as follows:
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1. Separate the data according to cause of flood (typically either rainfall or

snowmelt).

2. Perform separate flood frequency analyses, as previously described. The

graphical analyses may result in the use of different graph papers for each

flooding type.

Note: The length of record of systematic data will be different in each case.

For example, if 30 years of systematic data are available with 10 years

of rainfall floods and 20 years of snowmeft floods, then for the rainfall

floods Ns = 10 and m = 1, ...., 10 in Equation 9-2, and for snowmelt

floods N_ == 20 and m = 1,...., 20.
o

3. Construct a composite flood frequency relation by using conditional probability

(Haan, 1977). Mathematically this is (using a mixed population of rainfall (R)

and snowmelt (S) floods):

(9-4)

Equation 9-4 states that the probability of a flood (Q) being larger than a

selected magnitude (Q0) (the probability of exceedance) is equal to the

probability of that flood exceedance given that the flood was caused by rainfall

(P(Q > Q0 | R)) (from the rainfall flood frequency graph) times the probability

of a rainfall flood (P(R) = number of rainfall floods divided by the total number

of floods), plus the probability of that flood exceedance given that the flood was

caused by snowmelt (P(Q > Q0 J S)) (from the snowmelt flood frequency graph)

times the probability of a snowmelt flood (P(S) = number of snowmelt floods

divided by the total number of floods). Use of Equation 9-4 will result in a flood

sequence of magnitudes (Q0) and associated probabilities of exceedance (Pe).

4. The graphical flood frequency procedure is then repeated using the new

sequence of flood magnitudes (Q0) and plotting positions (Pe) from Step 3,

above. That is, graphical analysis is used to identify the graph paper

(probability distribution) for which this new flood sequence plots as a straight
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line. This will usually, but not always, be the same graph paper that was used

for either rainfall or snowmelt that had the larger floods.

9.2.12.2 Outliers: Outliers are data points which depart significantly from the trend

of the remaining data. The retention, modification, or deletion of these outliers can

significantly affect the graphical analysis, especially for small samples. All procedures

for treating outliers ultimately require judgment involving both mathematical and

hydroiogic considerations. The detection and treatment of high and low outliers are

described below.

The following equation is used to detect high outliers (U.S. Water Resources Council,

1981):

log QH = Jog~Q + KNS (9-5)

where log QH high outlier threshold in log units,

TogT?

KN

mean of the logarithms of systematic peaks (log
Q's) excluding zero flood events,

value from Table 9-1 for sample size Ns, and

standard deviation of log Q's calculated by

/ v s -1

where Qj are the annual peak discharges, and Ns is the effective length of systematic

record.

If the logarithms of peak discharges in a sample are greater than log QH in Equation

9-5 then they are considered high outliers. Flood peaks considered high outliers

should be compared with historic data, flood information at nearby sites, and
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TABLE 9-1
FLOOD FREQUENCY ANALYSIS

OUTLIER TEST KN VALUES

10 PERCENT SIGNIFICANCE LEVEL KN VALUES

The table below contains one sided 10 percent significance level KN values for a normal distribution (U.S. Water
Resources Council, 1981).

Sample
size
Ns

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

KN

2.036
2.088
2.134
2.175
2.213
2.247
2.279
2.309
2.335
2.361
2.385
2.408
2.429
2.448
2.467
2.486
2.502
2.519
2.534
2.549
2.563
2.577
2.591
2.604
2.616
2.628
2.639
2.650
2.661
2.671
2.682
2.692
2.700
2.710
2.719

Sample
size
Ns

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

KN

2.727
2.736
2.744
2.753
2.760
2.768
2.775
2.783
2.790
2.798
2.804
2.811
2.818
2.824
2.831
2.837
2.842
2.849
2.854
2.860
2.866
2.871
2.877
2.883
2.888
2.893
2.897
2.903
2.908
2.912
2.917
2.922
2.927
2.931
2.935

Sample
size
Ns

80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114

KN

2.940
2.945
2.949
2.953
2.957
2.961
2.966
2.970
2.973
2.977
2.981
2.984
2.989
2.993
2.996
3.000
3.003
3.006
3.011
3.014
3.017
3.021
3.024
3.027
3.030
3.033
3.037
3.040
3.043
3.046
3.049
3.052
3.055
3.058
3.061

Sample
size
Ns

115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149

KN

3.064
3.067
3.070
3.073
3.075
3.078
3.081
3.083
3.086
3.089
3.092
3.095
3.097
3.100
3.102
3.104
3.107
3.109
3.112
3.114
3.116
3.119
3.122
3.124
3.126
3.129
3.131
3.133
3.135
3.138
3.140
3.142
3.144
3.146
3.148
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thoroughly investigated. High outliers can be deleted from the record if the data can

be irrefutably determined to be in error, otherwise treat high outliers as extraordinary

data. Deletion of high outliers would result in the record being treated as a broken

record. The treatment of all extraordinary flood data and high outliers should be well

documented in the analysis.

The following equation is used to detect low outliers (U.S. Water Resources Council,

1981):

log QL = JogT? - KNS (9-6)

where log QL = low outlier threshold in log units and the other

terms are as defined for Equation 9-5.

If the logarithms of any annual peak discharges in a sample are less than log QL in

Equation 9-6, then they are considered low outliers. Flood peaks considered low

outliers are treated as zero flow years.

9.2.12.3 Zero Row Years: Some gaged watersheds in Arizona have no flow for the

entire year. The annual flood peak discharge data for these watersheds will have one

or more zero flood values, and this will preclude the plotting of these zeros on the

logarithmic graph papers (LN and LEV). The concept of conditional probability (Haan,

1977) is used to treat data containing zero flow years, as follows:

1. After the data are compiled and tabulated, the probability of an annual flood

(non-zero data year) is calculated by:

pf = ^LL£ . % (9-7)
Nt Nt

where Pf = probability of an annual flood,

Nt = length of systematic record including the number of zero

flow years (Nj = Ns + Z), and

Z = number of years with zero flow.
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2. Rank the flood events and calculate the plotting position (Pe) using either

Equation 9-2 (systematic data only) or Equation 9-3 (systematic plus historic

and/or extraordinary data), with the zero flow data removed with either

equation.

3. Calculate the conditional plotting position (Pz):

Pz . Pe x Pf (9-8)

where Pz = the plotting position for the flood data,

Pe = the probability of flood exceedance given that flooding has

occurred (Equation 9-2 for systematic data only or

Equation 9-3 for systematic plus historic and/or

extraordinary data), and

Pf = calculated by Equation 9-7.

4. Perform the graphic flood frequency analysis as previously described using P2

as the plotting position.

9.2.13 Confidence Limits

In performing a flood frequency analysis by the graphical method, as described, or by

mathematical methods, the analyst is attempting to estimate the "true" magnitudes of

floods of selected return periods from a relatively small sample (record length) of

observed floods. Because of the random nature of floods at a given location and

because of the inherent variation of flood magnitudes within different periods of flood

records, there cannot be certainty that the estimated flood magnitudes represent the

unknown but true flood magnitudes. For this reason, it is often prudent to calculate

upper and lower confidence limits on the flood magnitudes. Such confidence limits

provide a specified degree of probability that the "true" flood magnitudes lie between

those calculated confidence limits.
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Higher probability for the confidence limits results in a wider band about the best fit

straight line on the selected graph paper. For example, in the extreme case, a 10P

percent probability for the confidence limits would result in an upper limit for flood

magnitudes of all return periods at infinity and a lower limit at zero; which obviously

is not practical or informative. There is not an established criteria in the profession

for confidence level probabilities. A maximum confidence level probability of 0.99 and

minimum confidence level probabilities of 0.80 are occasionally used. A more popular

range for confidence level is from 0.95 to 0.85. For most applications, a confidence

level of 0.90 should be reasonable.

Using a confidence level of 0.90 means that there is a 90 percent chance that the true

discharge for a given flood frequency (return period) will lie within the band defined

by the upper and lower confidence limits. Or alternatively, there is a 5 percent chance

that the true discharge for a given flood frequency is greater than that defined-by the

upper confidence limit and a 5 percent chance that it is iess than that defined by the

lower confidence limit.

Procedures were developed to place confidence limits about the best fit straight lines

for all three probability distributions (LN, EV, and LEV) based on probability concepts

as described by Kite (1988). An explanation of those concepts, or a discussion of

those procedures, goes beyond the scope of this Manual. Work sheets for

establishing upper and lower confidence limits are provided in Rgures 9-10 through

9-12 for use with the LN, EV, and LEV distributions, respectively. - In Figures 9-10

through 9-12 is a variable, Nc. This variable is the number of data points that were

used to fit the straight line on the probability graph paper. If all of the data were used

in fitting the line, then Nc = Ns (systematic data only) or Nc = Ng (systematic plus

historic data). However, if there is a break in the fitted straight line and if only the

larger flood events are used to define the flood frequency relation, then Nc = the

number of data points used to define the straight line region of the flood frequency

relation.
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Project No.
Project Name __
Location/Station
Designer

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No.
Date

Checker

Gage Station Name
Gage Station Ho.

FIGURE 9-10
FLOOD FREQUENCY ANALYSIS

WORK SHEET FOR LOG-NORMAL CONFIDENCE LIMITS

Confidence Level (C.L) =

Q = 2-yr CfS
JOO-OL

100

Q = 100-yr CfS

Nf

£,„ =
Io9l°

= Iog10 (

-yr - Io9io
2.327

|Q91° " |091°
2.327

T
Years

(D

2

5

10

25

50

100

Us
(2)

0.0

0.842

1.282

1.751

2.052

2.327

YT (a)

(3)

ST (b)

(4)

Limits (c)

Upper

(5)

Lower

(6)

(a)
= 10

(b) 1 + .5
1-.
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Project No.
Project Name _
Location/Station
Designer

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No. _
Date

Checker

FIGURE 9-11
FLOOD FREQUENCY ANALYSIS

WORK SHEET FOR EXTREME VALUE LIMITS

Gage Station Name
Gage Station No. _

Confidence Level (C.L) =

Q = 2-yr CfS cc = . 100-OL
100

Q = 100-yr cfs

A -
4.2336

B « Q2_yr - .3665,4 = (

4.2336

) - .3665 ( }

13 = B + .5772A = ( ) + ,5772(

-jL. = 1
.7797 .7797

)

T
Years (1)

2

5

10

25

50

100

K
(2)

-.1643

.7195

1.3046

2.0438

2.5923

3.1367

Z (a)
(3)

.9179

1.5458

2.0878

2.8149

3.3684

3.9240

% (&)
(4)

QT (c)
(5)

yrntts fd\

Upper (6) Lower (7)

(a)

{b)

7 = (1.0 + 1.1396K + 1.1 K2)2

f -7 \

_.

(c)

(d)

= r? + Ksa
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Project No.
Project Name
Location/Station
Designer

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No.
Date

Checker

FIGURE 9-12
FLOOD FREQUENCY ANALYSIS

WORK SHEET FOR LOG-EXTREME VALUE CONFIDENCE LIMITS

Gage Station Name
Gage Station No.

Confidence Level (C.L) =

Q« 2-yr CfS CC =
100-C.L

100

Q = 10&-yr CfS

A = - Iog10 Q2-yr Iog10(

B = iog10

4.2336

- .3665,4 = iog10(

- iog10(

T = B + .5772A = ( ) + .5772 (

4.2336

) - .3665( )

)

S -«->/av =
.7797 .7797

T
Years (1)

2

5

10

25

50

100

K
(2)

-.1643

.7195

1.3046

2.0438

2.5923

3.1367

Z (a)
(3)

.9179

1.5458

£0878

2.8149

3.3684

3.9240

% (b)
(4) (5)

Limits (en
Upper (6) Lower (7)

Z= {1.0 = T

(b)
c _ c
^T '•'lev

jL

1

V /

(d) (YT±L

QL = 10
', - « ST)
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9.3 INSTRUCTIONS

9.3.1 Graphical Flood Frequency Analysis

The following genera! steps are to be performed for the graphical flood frequency

analysis as described:

1. Compile all systematic and historic data (Figure 9-2).

2. Compile related flood information, regional studies, etc.

3. Perform preliminary data analyses to investigate stationarity of the data,

presence of mixed populations, etc.

4. Investigate the occurrence of high or low flow outliers, and treat accordingly.

5. Identify extraordinary floods in the systematic record and count the number (e).

6. Tabulate the following parameters:

a. effective record length (N)

b. length of systematic record (Ny

c. number of zero flow years and low flow outliers (Z)

d. effective length of systematic record (Ns)

e. number of historic data (h)

7. Calculate Ng = Ns + h

8. Treat for zero flow years, if they occur.

9. Prepare the data series for mixed populations, if such exists.
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10. Rank the data (Figure 9-3) and calculate the plotting position according to the

following:

Type of Data Series Equation

Systematic data only 9-2

Systematic plus historic and/or extraordinary data 9-3

Data with zero flow years 9-8

11. Perform the graphical analysis as described herein.

9.3.2 Confidence Limits

The following general steps are to be performed when calculating the confidence

limits:

1. Select the appropriate work sheet (Rgures i-10 through 9-12) depending on

which probability distribution (LN, EV, or LEV, respectively) was selected as the

best fit for the flood frequency analysis.

2. Select the desired probability for the confidence level. The value of u1^x/2 from

the following list is used depending on the selected confidence level:

Confidence Level, % ulKX/2

99 2.575
95 1.960
90 1.645
85 1.439
80 1.282

3. Extend the best fit straight line on the graph paper to intersect the 2-year return

period, if it does not already extend to that return period.

4. Read the 2-year and 100-year flood discharges from the best fit straight line or

the extension of that line.
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5. Determine Nc:

a. If the straight line extends over the entire range of data points, then

Nc = Ns, where only systematic data exist, or

Nc = Ng, where systematic plus historic and/or extraordinary data exist.

b. If the data plots such that the straight line is fit only to the larger flood

discharges, then Nc = number of data points used to define the straight

line.

6. Using the values from Steps 2,4, and 5 complete the calculations shown in the

work sheets.

Note: If the best fit straight line had to be extended to

read the 2- through 10-year return period flood

magnitudes, then the confidence limits should not

be calculated for that extended portion of the

straight line.

7. Plot the upper and lower confidence limit points on the graph with the best fit

line and draw a curved line through each set of points.
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9.4 EXAMPLES

in the following, four examples of flood frequency analyses are provided. These

examples are included to demonstrate the application of the procedures. They are

arranged from the simplest to the more complex analyses.

1. Example 9-1, Agua Fria River near Mayer, Arizona, demonstrates a fairly

simple analysis requiring no special treatment of the data.

2. Example 9-2, Cave Creek near Cave Creek, Arizona, demonstrates a data set

that contains zero flow years - a fairly common occurrence for streams in

Arizona.

3. Example 9-3, Hassayampa River near Wickenburg, Arizona, demonstrates a

data set containing historic data and extraordinary floods. The effective record

length was extended beyond the length of the systematic record.

4. Example 9-4, Santa Cruz River near Lochiel, Arizona, demonstrates' a data set

containing a low outlier and extraordinary floods. The effective length of record

was extended beyond the length of the systematic record.
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FLOOD FREQUENCY ANALYSIS EXAMPLE No. 9-1

Station Name - Agua Fria River near Mayer, Arizona

Station Number - 09512500

Drainage Area - 588 square miles

Period of Record - 1940 through 1989

Flood Data

A continuous, 50 year systematic record is available, and the entire record

was used in the analysis. AH annual floods are considered to be caused by rainfall.

There are no historic data. There are no zero flow years. The high and low floods

of record are 31,100 cfs (1980) and 740 cfs (1974), respectively. The record is

considered stationary.

Flood Frequency Analysis

The high outlier limit is calculated at 47,000 cfs, and no high outliers are

identified. The low outlier limit 5s calculated at 652 cfs, and no low outliers are

identified. No extraordinary floods are identified.

The length of the systematic record is for the period 1940 through 1989 (Nt

= 50). There are no zero flow years or low outliers (Z = 0), and the effective

length of the systematic record is 50 years (N8 = Nt - Z = 50 - 0 = 50). There is

no special treatment in calculating the plotting positions.

The annual flood peak discharges are plotted on the three probability papers

at their respective plotting positions. The extreme value (EV) graph shows a

concave up form to the data points, and a linear trend to data with Pa less than

about 0.17. The log-extreme value (LEV) graph shows a concave down form to

the data points, and a linear trend to data with P. less than about 0.31. The log-

normal (LN) graph shows a good linear trend to the data points for all but the

smallest flood peak discharges. The LN is selected as the best representation of
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the probability distribution of floods with return periods that are equal to or longer

than 2 years.

Confidence limits are set about the LN best fit line. The 43 largest floods (Nc

= 43) are used to establish the best fit line. The estimated 100-yr flood peak

discharge is 37,000 cfs with 90 percent upper and lower confidence limits of

54,900 cfs and 25,000 cfs, respectively.

Discussion

This example illustrates a flood frequency analysis that does not require any

special treatment of the data. The LN graph provides the best straight line fit to

the data. This is an example of a clear choice of the best graph to select. The

range for the confidence limits is relatively tight because the 43 largest floods can

be used to establish the best fit line.
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542 GILA RIVER BASIN

09512SOO AGUA FRIA RIVER BEAR HATER, K.

U3CATIOH.-- tut 34*18'S5B, long 112*03'48M, in HW%SE4 see.20, T.11 N., R.3 E., Yavapsi County, Hydrotogic
Unit 15070102, on left bank at Sycamore dansite, 700 ft downstream from Big Bug Creek and 12 mi southeast
of Mayer.

DRAIHAGE AREA.--S85 mi2.

REMARKS.--Divers ions above station for « ining and i r r iga t ion of about 600 acres. Perry Canal, which
previously headed 300 ft above the gage, ass Hashed out on July 11, 1977, and uas not rebuilt.

MMUAl KM. DISCHARGE

MATER
YEAR

1940

1941

1942

1943
1944

1945
1946

1947

1948

1949

1950

1951

1952

1953
1954

1955
1956

1957

1958

1959
1960

1961
1962
1963
1964

DATE

06-26-40
03-01-41
08-06-42
09-25-43
09-16-44
07-27-45
07-22-46
08-16-47
08-04-48
01-13-49
07-17-50
88-28-51
01-18-52
07-08-53
09-03-54
08-03-55
07-25-56
08-13-57
06-21-58
08-04-59
08-08-60
07-22-61
09-13-62
08-19-63
07-24-64

AKKUAL PEAK
DISCHARGE

<FT3/S)

5,920
13,000
6,280
3,500
3,810
2,620
4,930
1,610
6,830
2,460
2,170
8,180
7,500
5,510
4,570

12,800
6,880
2,710
4,620
9,700
4,820

10,200
2,470

12,800
9,000

HATER
YEAR

1965
1966
1967
1968

. 1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989

DATE

04-04-65
12-22-65
08-19-67
12-19-67
08-07-69
09-05-70.
08-25-71
08-12-72
10-07-72
07-20-74
07-27-75
02-09-76
08-23-77
03-01-78
12-18-78
02-19-80
09-23-81
09-10-82
09-23-83
08-14-84
12-27-84
11-26-85
10-11-86
08-29-88
08-18-89

AH8UAL PEAK
DISCHARGE

CFT3/S>

' 7,470
12,100
6,960
3,850
2,490

19,800
7,280
6,800

10,700
740

2,190
9,700
5,480
9,900

18,300
33,100
2.850
3,040
9,940
3,620
2,880
3,970
6,070

25,500
1,280

•ASIN CHARACTERISTICS

mm
CHANNEL

SLOPE
crr/m>

STREAM
LENGTH

OU>

ICAM
BASIN
ELEVA-

TION
CFT)

FORESTED
AREA

CPERCEKT)
SOIL

INDEX

MEAN
ANNUAL

PRECIPI-
TATION

( IN)

6AIHFALL IMTEHSITY, 24-HOUR

2-YEAR
( IN)

50- YEAR
(IN)

56.9 37.5 5,000 3.4 1.3 16.7 2.1 4.3
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09S12S00

GILA 8IVE8 gASIH

FSZA 8IWK 8EJU5 HATER, A2--Continusd

543

MONTHLY AMD AMWUAL DISCHARGES 1941-89 MAGNITUDE AMD PROBABILITY OF AHUUAL LOU FLOW
BASED ON PERIOD OF RECORD 1941-89

NAXINJN
CFT3/S)

MIKMM
(FT3/S)

STAN-
DARD

DEVIA-
NEAN TIO!

crrs/s) CFTS/S)

COEFFI- PERCENT
CIEMT Of Of
VAJtl- AMaUM.
AT ION RUNOFF

OCTOBER
UOVEH8ER
DECEMBER
JAHUART
FEBRUARY
HARD)
APRIL
HAT
JUNE
JULT
AUGUST
SEPTEtSE*

223
146
453
tss

1,180
373
314
20
23
48
244
187

0.14
0.10
0.08
0.07
0.02
0.01
0.00
0.03
0.01
0.15
0.31
0.20

122 1.5

10
10
34
23
53
46
22
3.1
2.3

12
37
17

22

33
IS
87
50

173
83
sa
5.1
3.7

13
52
36

26

3.2
2.4
2.6
2.2
3.3
1.8
2.7
1.6
1.7
1.0
1.4
2.1

1.2

3.7
3.8

12.6
8.S

19.7
17.2
8.0
1.1
6.8
4.5

13.7
6.3

100

resiss
COS-
%£PH-3CUJ

TIVE
BATS)

1
3
7
14
30
60
90
120
183

DISCHARGE, IK FT3/S, FOR INDICATED
RECURRENCE INTERVAL, IN TEARS, AND
NQN-EXCEEDABCE PROBABILITY, IK PERCENT

2
SOX

0.00
o.oo
0.00
0.00
0.00
0.57
0.90
1.9
4.4

5
20%

0.00
0.00
0.00
0.00
0.00
0.19
0.29
0.66
1.6

10
10X

-o.oo
0.00
0.00
0.00
0.00
0.11
0.16
0.34
O.S5

20
5S

0.00
0.00
0.00
0.00
0.00
0.06
0.09
0.19
0.48

50
2X

0.00
0.00
0.00
0.00
0.00
0.03
0.05
0.09
0.24

100f
IX

0.00
0.00
0.00
0.00
0.00
0.02
0.03
0.05
0.15

MAGNITUDE AND PROBABILITY OF IHSTANTAMEOJS PEAK FLOW
BASS) ON PERIOD OF RECORD 1940-89

DISCHARGE, IN FTS/S, FOR INDICATED RECURRENCE INTERVAL
!H TEARS, AND EXCEEDANCE PROBABILITY, IN PERCENT

2
SOX

5
20X

10
1CK

25
4X

50
21

100
1%

5,920 10,600 14,500 20,509 25,800 31,700

(SIGHTED SKEW CLOGS)* 0.16
MEAN (LOGS)* 3.78
STANDARD DEV. (LOGS)* 0.30

MAGNITUDE AND PROBABILITY OF ANNUAL HIGH FLOU
BASH) ON PERIOD OF RECORD 1941-89

PERIOD
<CON-

TIVE
DATS)

1
3
7

15
30
60
90

DISCHARGE, IN FTS/S, FOR INDICATED
RECURRENCE INTERVAL, IN TEARS, AND
EXCEEDANCE PROBABILITY,

2
SOX

793
388
216
130
83
53
38

S
20X

2,000
998
564
333
211
134
95

10
10X

3,290
1.-380

946
549
343
216
155

25
4X

5,670
2,970
1,660

943
574
356
258

IN PERCENT

50
2X

8,110
4,340
2,390
1,340

799
489
359

100f
IX

11,200
6,150
3,350
1,850
1,070

649
483

DURATION TABLE OF DAILT MEAN FLOW FOR PERIOD Of RECORD 1941-89

DISCHARGE, IN FTS/S, WHICH UAS EOMLEB OR EXCEEDED FOR INDICATED PERCENT OF TIME

1X SX 10X 15X 20X 30X 40X SOX 60X 70X 80S 90X 95X 98X 99% 99.5X 99.9X

393 70 20 10 6.9 4.2 2.8 1.9 1.3 0.81 0.51 0.21 0.14 0.10 0.00 0.00 0.00

f Reliability of values in col USD is uncertain, and potential errors art lar@t.
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544 6IU RIVER BASIN
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name
Location/Station /4- & U &
Desiqner f~) T~ 'P

TRACS No.
Date___,3

/•"" R I f°T F? TV "F- fZ rv tf A *~ /^

Checker

L ̂  vT/j 1 v/ ^"S-
vj^^7/~^~:2r

- -

FIGURE 9-2
FLOOD FREQUENCY ANALYSIS

DATA COMPILATION FORM

Gage Station Name
Gage Station No.
Period of Systematic Record J

Page __1__ of

Drainage Area _sq. mi.

WATER
YEAR

(1)

ANNUAL PEAK
DISCHARGE (efs)

(2)

DATE

(3)

FLOOD
TYPE

(4)

COMMENTS

(5)

R

90

3 sr
3 2- Ad -VV

5/0 2

2-3.

/ £'0 \L

C 950
J#/v

ZL/76

1 Al)£

R

SSe^rfV

5-i
y 5-4 R

t?
a/ <R

R
R
R
1s?

R

a - rainfaSI (R), snowmelt (S), rain on snow (R/S), uncertain (U), other (X) • note in comments
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No. TRACS No.
Project Nam
Location/Stal
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FLOOD FREQUENCY ANALYSIS
DATA COMPILATION FORM Paqe Z of 2.
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2. J 9S
q-j£b

r«f ^^
9 *?<5ft

/?5flO

5 =»./^d

a?5~a
3rt^?5
9<? 9-5
3^^^>
5^F^
.=597/0

6>6"76

3<r*&t>
I 5?0

DATE

(3)

"T1 ̂ /Vf 6 £~

23. DFCJL£~

j •? ftUG 6 7
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7 ^^ ^f
f SEPT 'ID

2£ ftDG- 11
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Sl.ToLi 75"
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S3 /9u^ 7f
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l?J)e^ 7^

I f FFtf ?0
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p.
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fl
R
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^
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a - rainfall (K)5 snowmeltlSj, rain on snow (R/S), uncertain (0), mner (X) - note in comments
FIGURE 9-2 Continued

MARCH 1993 9-44



ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No. _____ _ „___ TRACS No.
Project Name
Location/Station ^^-a^ j^"/*** /?rt/f/e.
Designer Dr-p _ : _ _________ Checker

^ 0.333

Sty

- 3,

tare. s >
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No. : TOACS No. j
Project Name _________»>___„_______, Dae ~2o 4t»G.
LoeatkxVStation
Designer 7^° : Cneeker,

no

0-0/9? (**-*-* V

? J /^ =r tf.^>/^/..». V) - 0.0/Z.O

9-46



ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name
Location/Station & £ (j pr p
Designer DTP
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Date_2JL.

" T3 T tf\ /O*f i / /"*" xs> A^f" / [ / rr (\lv\~l\ {Vffi1- / / A V «° f
Checker

T^Y ^2.
/? 27

FIGURE 9-3
FLOOD FREQUENCY ANALYSIS

PLOTTING POSITION CALCULATION FORM Page

Gage Station Name PrG-uPr FRlfi
Gage Station No. O_3_ Drainage Area
Period of Systematic Record /_?**_ft. ~

Check if the data contains any of the following:

Mixed Population High Outliers

Zero Flow Year Low Outliers

Document the plotting position equation or data treatment on a separate sheet.

Broken Record
Historic or
Extraordinary Data

of

_sq. mi.

FLOOD PEAK
DISCHARGE (cfs)

(1)

RANK

(2)

PLOTTING POSmON

(3) (4)
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Project No.
Project Name
Location/Station
Designer _ _ OT p

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No.
Date g- ,T^LV <?

Checker

FLOOD FREQUENCY ANALYSIS
PLOTTING POSITION CALCULATION FORM Page ,of_3__

FLOOD PEAK
DISCHARGE (efs)

(1)

RANK

(2)

PLOTTING POSITION

(4)
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O - .a a.
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FIGURE 9-3 Continued
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name

TRACS No.
Date o? I? To L Y 9 51

Location/Station Q-G-Q ft ^RJLA^jSllLE:!? /*<?«.*- AlAv^s? A~2~
Designer r>JLP Checker

FLOOD FREQUENCY ANALYSIS
PLOTTING POSITION CALCULATION FORM Page of 3,

FLOOD PEAK
DISCHARGE (cfs)

(D

RANK

(2)

PLOTTING POSmON

(3) (4)

i+Q r> 96- 1. 03

FIGURE 9-3 Continued
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name
Location/Station
Designer

TRACS No. _
Date

Checker

Gage Station Name
Gage Station No.

FIGURE 9-10
FLOOD FREQUENCY ANALYSIS

WORK FOR LOG-NORMAL CONFIDENCE LIMITS
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FLOOD FREQUENCY ANALYSIS EXAMPLE No. 9-2

Station Name - Cave Creek near Cave Creek, Arizona

Station Number - 09512300

Drainage Area - 121 square miles

Period of Record - 1958 through 1979 and 1981 through 1989

Flood Data

A broken, 31 year systematic record is available, and the entire record was

used in the analysis. All annual floods are considered to be caused by rainfall.

There are no historic data. Zero flow years occurred in 1969, 1977, 1981, 1987

and 1989. The high and Sow floods (other than zero flow years) of record are

12,400 cfs {1968} and 148 cfs (1984), respectively. The record is considered-

stationary.

Flood Frequency Analysis

The high outlier limit is calculated at 34,400 cfs, and no high outliers are

identified. The low outlier limit is calculated at 83 cfs, and no low outliers are

identified. No extraordinary floods are identified.

The data set contains zero flow years. The length of the broken, systematic

record is for the period 1958 through 1979, and 1981 through 1989 (Nt = 31).

There are five zero flow years (Z = 5). The effective length of the systematic

record is 26 years (N8 = Nt - Z — 31 - 5 = 26). These parameters are used in

calculating the plotting positions.

The annual flood peak discharges are plotted on the three probability papers

at their respective plotting positions. The log-normal (LN) graph shows a concave

down trend to the data and a poor linear trend to the data with Pe smaller than

about 0.34. The log-extreme value (LEV) graph is also concave down and a linear

trend to data with Pe smaller than about 0.18. The extreme value (EV) graph
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shows a good linear trend for data with Pe less than about 0.34. The EV graph is

accepted as the best representation of the probability distribution of floods with

return periods that are longer than about 3 years.

Confidence limits are set about the EV best fit line. The 11 largest floods (Nc

= 11) are used to establish the best fit line. The estimated 100-yr flood peak

discharge is 14,600 cfs with 90 percent upper and lower confidence limits of

22,600 cfs and 6,640 cfs, respectively.

Discussion

This example illustrates a flood frequency analysis for a data set that

containing five zero flow years. The EV graph provides the best fit straight line to

the large floods (P9 less than 0.34). This is a fairly clear choice of the best graph.

The EV graph shows a linear trend for the 11 largest floods. The range for the

confidence limits is broad because only the 11 largest floods can be used to

establish the best fit line.
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name
Location/Station ff^yp f~
Desiqner DTP

TRACS No.

^"F? f*~ Kj' n> t&rt— ( /?

Date
Vfs C ft

ff^ Q ^ CJ L. f f^ •<_

> r^f f^ L^

Checker

FIGURE 9-2
FLOOD FREQUENCY ANALYSIS

DATA COMPILATION FORM Page 1 of

Gage Station Name
Gage Station No. _
Period of Systematic Record

Drainage Area
f. . I.?*?-

_sq. mi.

WATER
YEAR

m

ANNUAL PEAK
DISCHARGE (efs)

(2)

DATE FLOOD
TYPE

(4)

COMMENTS

(5)

/f

c. o
n

4 3

DEL 45"
K

i"1
£.9

2.1 OO
11 11

-73
1 3<?0 R

*?
1L 1L
11 ZFtfO

75-^0
•T?
SO

a - rainfall (R), snowmeft (S), rain on snow (R/S), uncertain (U), other (X) - note in comments
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name
Location/Station
Designer

TRACS No.
Date'

CME.
Checker

FLOOD FREQUENCY ANALYSIS
DATA COMPILATION FORM Page 2- of

WATER
YEAR

(D

-4_£LJLJL_

_£iL.
?r
£(•
si
%1
%°l

ANNUAL PEAK
DISCHARGE (efs)

(2)

M-L2jO

! M^
^ 1 O

j "^-T^

£>

J"7/0

<O

DATE

(3)

3 MfiJ? ?5

^ ^U^ H
21 Ppf ?f

2.2 3WV ̂

—

2L£l2£JZ_

—

FLOOD a

TYPE
W

£L

_IL_™
I?
e_

n?

COMMENTS

(5)

^^/?7) J^LflW V5/^rf

T'F/?^ ?\hta VFA/^

-

a - rainfall (R), snowmelt (S), rain on snow (R/S), uncertain (U), other (X) - note in comments
FIGURE 9-2 Continued

MARCH 1993 9-58



OJf
HYDROLOGIC DESIGN DATA

Project No. _ : _ ____________ TRACS No. _ ...... _
Project Name ___ _ Date ~2o /^
Location/Station _ _
Designer T>T-P _ : _ __ Cr»0cker

™ 3: ZZ 75"
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No. TRACS No. ___
Project Name _ Date ~Zo
Location/Station
Designer T>rp Checker,

8,

3/ /^TT^z - 0-03-zo /n-o.yj V ,**;,.•-
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name
Location/Station d &v F CftfcFK yv >
Designer OTP

TRACS No.
Date 3, £

"fa.^- Cf^HF C f? 1= F K
Checker

SOL.Y 9 2-

FIGURE 9-3
FLOOD FREQUENCY ANALYSIS

PLOTTING POSITION CALCULATION FORM Page _j_ of.

Gage Station Name C AV F! CJR. i£
Gage Station N o . _ _ <9$~J ja.

y" C ̂  g ̂
Drainage Area

Period of Systematic Record

Check if the data contains any of the following:

X Mixed Population High Outliers

Zero Flow Year _^ Low Outliers

Document the plotting position equation or data treatment on a separate sheet.

Broken Record
Historic or
Extraordinary Data

_sq. mi.

FLOOD PEAK
DISCHARGE (cfs)

(1)

RANK

(2)

PLOTTING POSITION

(3) (4)

/ "A

.057 a_

/>
(D O Cl O 5"

t* 5:6
B'^S'O O. 7 "

3 I 3.O

O -37/2. 2/7
J 3
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l )r
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/ 7

/. 6
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Project No.
Project Name
Location/Station__£
Designer

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No. •
Date <?

£> TJ> Checker

FLOOD FREQUENCY ANALYSIS
PLOTTING POSITION CALCULATION FORM Page Z. of 2,.

FLOOD PEAK
DISCHARGE (cfs)

(1)

£<?<!

«____J^_jUl_______

56 1

____SJjl______
1*70
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3. 1
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<o . c, 9; 2
6 . 7 533.
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/!> . 7^70.

£) . # / 95.

Tr (4)

..._. J.<r
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/ . 3?
/.35.
/ .^27

/ . ^ 2 _

FIGURE 9-3 Continued
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Project No.
Project Name _
Location/Station
Designer

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No. _
Date

Checker

FIGURE 9-11
FLOOD FREQUENCY ANALYSIS

WORK SHEET FOR EXTREME VALUE CONFIDENCE LIMITS

Gage Station Name __
Gage Station No. _J2ELSJLZ3OQ.

Confidence Level (C.L.) =
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FLOOD FREQUENCY ANALYSIS EXAMPLE No. 9-3

Station Name - Hassayampa River near Wickenburg, Arizona

Station Number - 09515500

Drainage Area - 417 square miles

Period of Record - 1938, 1946 through 1982

Flood Data

A broken, 38 year systematic record is available, and the entire record was

used in the analysis. Al! annual floods are considered to be caused by rainfall.

There are no zero flow years. The high and low floods of record are 58,000 cfs

(1970) and 154 cfs (1975), respectively. The 1925 (25,5000 cfs}, 1927 (27,000

cfs), and 1937 (22,000 cfs) floods are indicated in the records of the U.S.

Geological Survey (USGS) as historic data. The 1951 flood (27,000 cfs) is

indicated in the records of the USGS as being the largest since 1927. The 1970

flood (58,000 cfs) is indicated in the records of the USGS as being the largest

since 1890. The record is considered stationary.

Flood Frequency Analysis

The high outlier limit is calculated at 130,000 cfs, and no high outliers are

identified. The low outlier limit is calculated at 107 cfs, and no low outliers are

identified. Extraordinary floods are identified for 1951 (27,000 cfs)"and 1970

(58,000 cfs) because these floods, from the systematic record, are known to be

larger than any flood since 1927 and 1890, respectively, prior to the start of the

systematic record. The 1980 flood (24,000 cfs) is also extraordinary because it is

larger than the 1937 historic data (22,000 cfs). The station was discontinued

after 1982; however, the USGS records that were used are for a period through

1989. Because of the presence of historic data and extraordinary floods, the

effective length of record can be extended, and because of the information that is

available, the record can be extended at both ends of the record. The record can

be extended backward to 1890 because the USGS records indicate that the largest
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flood of record (58,000 cfs) is the largest since 1890. The record can also be

extended for the period 1982 to 1989 because estimated floods would be reported

by the USGS, or others, for that period if floods had occurred that were as large as

or larger than any of the six historic and extraordinary floods (22,000 cfs to

58,000 cfs).

The effective record length, as previously described, is for the period 1890

through 1989 (N = 100). The length of the systematic record is for the period

1938 and 1946 through 1982 (Nt = 38). There are no zero flow years or low

outliers (2 = 0), and the effective length of the systematic record is 38 years (Ns

= N t -Z = 38 -0 = 38). There are three historic floods (h = 3), and there are

three extraordinary floods in the systematic record (e = 3). The sum of historic

plus extraordinary floods is six (k = h - f e = 3 4 - 3 = 6). There are 41

systematic plus historic floods (Ng = N8 + h = 38 -f 3 — 41). The parameters

are used in calculating the plotting positions.

The annual flood peak discharges are plotted on the three probability papers

at their respective plotting positions. The extreme value (EV) graph does not show

a linear trend. The log-extreme value (LEV) graph shows a the concave down

trend to the data points, and a weak linear trend to data with Pe less than 0.42.

The log-normal (LN) shows a slight break in the data points at about Pe = 0.45,

and a reasonable linear trend for the data points with Pe less than 0.42. The LN

graph is selected as the best representation of the probability distribution of floods

with return periods that are longer than about 3 years.

Confidence limits are set about the LN best fit line. The 20 largest floods (Nc

= 20) are used to establish the best fit line. The estimated 100-yr flood peak

discharge is 42,000 cfs with 90 percent upper and lower confidence limits of

88,900 cfs and 19,800 cfs, respectively.
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Discussion

This example illustrates a flood frequency analysis for a data set containing

historic data and extraordinary floods. The effective record length was extended

beyond the length of the systematic record. The LN graph is selected as the best

straight line fit to the 20 largest floods. This is a clear choice of the best graph

paper to select. The range for the confidence limits is somewhat broad because

only the 20 largest floods can be used to establish the best fit line.
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C!LA RIVES MSIM

09515500 HASSAYAWA HIVE8 AT SOX OAMS-fTE, KM UIQXMBWa, AZ

571

LOCATION.--Let 34'02'42«, long 112"42'33*, in SUSSEX *ee.7, T.8 H., R.4 H., Yavspsi Canty, Kyrirologie Unit
15070103, on right bank at Box darasite, 5.5 si northeast of Wiekenburs.

DRAINAGE AREA.—417 si2.

REMARKS,--Small diversions for irrigation and sining station.

ANMUW, PEAK DISCHARGE

WATER
YEAR

1925
1927
1937
1938
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962

DATE

09-19-25
02-16-27
02-07-37
03-03-38
08-11-46
08-08-47
08-05-48
09-26-49
10-18-49
08-29-51
12-30-51
07-18-53
03-23-54
07-23-55
08-18-56
08-10-57
09-05-58
08-24-59
12-26-59
08-19-61
09-21-62

1 Highest since
2 Highest since

ANNUAL PEAK
DISCHARGE DISCHARGE
(FT3/S) CODES

25,500 HP
27,100 HP
22,000 HP
10,000
1,710
2,300
5,600
2,910
5,500

^7,000
1,590

865
3,090
8,840
1,210
1,980

10,600
5,110
3,210
1,150
1,510

1927.
1890.

WATER
TEW

1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982

DATE

08-17-63
07-14-64
09-02-65
12-10-65
12-07-66
12-19-67
09-13-69
09-05-70
08-25-71
08-27-72
10-07-72
07-20-74
07-28-75
02-09-76
08-15-77
03-02-78
03-28-79
02-19-80
07-10-81
03-15-82

ANNUAL PEAK
DISCHARGE DISCHARGE
CFT3/S) CODES

2,150
1,230
9,060
5,560
1,740

11,200
4,630

%8,000
556
800

2,600
5,560

154
4,560

315
16,000
9,640

24,900
698

2,940

BASIN CHARACTERISTICS

MAIN
CHANNEL
SLOPE
(FT/MI)

STREAM
LENGTH
(MI)

MEAN
BASIN
ELEVA-
TION
(FT)

FORESTED
AREA

(PERCENT)
SOIL
INDEX

MEAN
ANNUM.
PRECIPI-
TATION
(IN)

RAINFALL INTENSITY. 24-HOUR

2-YEAR
(IN)

50- YEAR
(IN)

71.0 45.0 4,750 9.6 1.0 19.3 2.4 4.7
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name
Location/Station /f/953/?
Designer DTP

TRACS No.
Date

UJ1 (LKElV C. . A Z.
Checker

FIGURE 9-2
FLOOD FREQUENCY ANALYSIS

DATA COMPILATION FORM

Gage Station Name J±B_S_5J3^L8J* .
Gage Station No.

= f? rv ****. \AJ\t

1 of

fi UG.G. ft z.

Period of Systematic Record _L3^S^£j^
Drainage Area _sq. mi.

WATER
YEAR

(1)

ANNUAL PEAK
DISCHARGE (cfe)

(Z)

DATE

(3)

FLOOD a

TYPE
(4)

COMMENTS

(5)

2 if

IDD ^ T(D/? 1

2.2. OOO 14
££

°) 3 ?-
I 11 in / /

36

GOO

54
5*7 8/5

.5*
tfllh

66 K

ft

a - rainfall (R), snowmeSt (S), rain on snow (R/S), uncertain (U), other (X) - note in comments
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Project No.
Project Name _______
Location/Station J__£5
Designer ___J2_L"£L

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No.
Date

AT-
Checker

FLOOD FREQUENCY ANALYSIS
DATA COMPILATION FORM Page -2. of -2-

WATER
YEAR

(D

_±iAiL_
_j^£_

Ll,
LI

__L1__
0
•7/1
1\
<72

_O1__

If
*7f~

%
17

i
lt
11
U
?/

• &

ANNUAL PEAK
DISCHARGE (cfe)

(2)

_J_2^2___
°{ ft (fO

__^£^14A___
i -7 t^

7 / ^^> fi

^ .̂ 3<D

_J1£^M__
r^t

__™i^i____.
^Lob
?<ff.6
15-1

t £(,&
315

1(*Q60

MtV
2 f f ̂

L?1
2^tA

1

DATE

(3)

/¥ Jyi 6V
^ 5f/r Lf

JJLJlLLJeSL
7 DEC. U

11 bEcLI
13 SBPflef

JLSEZL.3A.
3$~fiu£ U
2tLQM*22.
7/?/T7^

^fiJSK^ TV I
2130L 75"

f /=F^ 7^-
J5~ AWt 77

a. W*K is
a9fW/? -7*?

/ f Ff /? S£
J / > JOL 8/
/6"/w yo.

FLOOD a

TYPE
(4)

^JL__^
R

__A™»_
__L_

A
a
/I

_£__
a
R

_JL_
_L
R
R
R
R
rL
R
1̂

/

COMMENTS

(5)

^» ?i f f ' ^ / S f - f ' t ^ &< t~ Yi

^ / Th^ Qt'diin G t- /
/

"

/We = H-/
J ' ,

/ W » , * A lhe\/0

O ^75" J-JT72?

.5 / / ' 3.t>^~ b,S~7 2C

rainfall (R), snowmeit IS), rain on snow (R/S), uncertain (Uj, othefTXp note in comme
FIGURE 9-2 Continued
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HYDROLOGIC DESIGN DATA

Project No. TRACS No. __
Project Name -_-__J_^_ „,.„ Date _
Location/Station ..^///tf^vx' y^wp*
Designer _ TyrP Checker

<*<?<*'

- "3.

O
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Prefect Name
Location/Station
Designer

TRACS No.
_ Date~

Checker

'c,

V^f.
*s
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDRODOGIC DESIGN DATA

Project No. _ _ _____________ TRACS No. ________
Project Name _ : _ : _ , Date ~zs>
Location/Station .
Designer Dr^ _ : _ ________ ___ Checker

- A

e =3

~> _
•4 -

Tf - /7Z

9-76



ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name

TRACS No.
Date *7 /iO6- 93

Location/Station f-f-A s s /^ V /? rw P /3 <Rlvf~R rvt*n_ \AJl<L\<E.r\)Bor?C- /3z_
Desiqner Dr P Checker

FIGURE 9-3
FLOOD FREQUENCY ANALYSIS

PLOTTING POSITION CALCULATION FORM

f?T>/5/g r ? < £ - A ~z~
Gage Station No. _j2_5 £"/ s- fn±> o Drainage Area H 1 1 sq. mi
Period of Systematic fi

Check if the data cont«

Broken Record J>^_
Historic or
Extraordinary Data X

ecord 1 •? B % a » J i ^ ^d -f-A>-o^^A l*??a.

lins any of the following

__ Mixed Pop

Zero Flow

ulation Hiqh Outliers

Year Low Outliers

Document the plotting position equation or data treatment on a separate sheet.

FLOOD PEAK
DISCHARGE (cfs)

(1)

5-9006

37 160

2-7DDA

•? 5V2>a
2^<=}6£,

•2*000

1 L&oo

\ \ 3.G6

16^66

1 OOC6

°l C^G

goto
S^^a
ZL66

5*6"^^

f£(»Q

ffno
i l l O

*tL3f)
^^(eft

RANK

(2)

- I

2.

3

4

6"
4

7

?
«}

iO

i i
rz-
) 3

/ 4

/ T
I if.

11

> S

i 9
A C

PLOTTING POSITION

Pe (3)

0. £>D5"1?

f) • G 1 5" 5"

a. 0.2 .ra.
^.^ 3«j g>

o.om* f~
O . o ifV2

<O. 6 T ^ /

C. ;oA9
(5 7 X?7

/5. / r£S"

^> .($33

0-2.101

O.Z3&3

V.2C.3-?

& , ̂ 9^5'"

£> -5 /73

/9 5"y W

/> .37^)9

£) .3^777

#.-40 ¥5"

Tr (4)

/ - 7 2

/ 14

Q-£>

D<=?

2.2

1$

13

4.1
"7. 7

£ M

5" 4

^•S
•^.a.
5 8
3M

^3.2_

^ . *?
?.*7

_____^Al— —
5. ̂
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Project No.
Project Name __^__
Lo catio n/StatiorT l̂J ĵs"
Designer n 7- P

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No.
Date

Checker

FLOOD FREQUENCY ANALYSIS
PLOTTING POSITION CALCULATION FORM of

FLOOD PEAK
DISCHARGE (efs)

(1)

RANK

(2)

PLOTTING POSmON

(3) (4)

.??
. 5*5"? t

/. 7 /

o -6 /

31 /D. "7 / 1.

/

//$-£> 35" 1 .3.1
/7

37 /. 3

0 .
3/fT

0 .

FIGURE 9-3 Continued

MARCH 1993 9-78



ARIZONA DEPARTMENT OF TRANSPORTATION
H Y D R O L O G I C DESIGN DATA

^
STATION NO 09.f/f-l-

= DRAINAGE AREA ^x1 ss_._

= P E R I O D OF RECORDZ^arg^

j^_~

«s
S
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ARIZONA DEPARTMENT OF T R A N S P O R T A T I O N
HYDROLOG1C DESIGN DATA

CM

RETURN PERIOD , IN Y E A R S



ARIZONA DEPARTMENT OF T R A N S P O R T A T I O N
HYDROLOGIC DESIGN DATA

1

e
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e
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Project No. _______
Project Name
Location/Station ]

Designer prP

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No.
Date

Checker

FIGURE 9-10
FLOOD FREQUENCY ANALYSIS

WORK SHEET FOR LOG-NORMAL CONFIDENCE LIMITS

Gage Station Name
Gage Station No.

Confidence Level (C.L) =

2-yr cfs

<%?

cx = .100-OL
100

100-yr cfs

T = Iog10

'"
" io9lO

2.327
O.

T
Years

d) (2)

(a)

(3)

ST (b)

(4)

Limits

Upper

(5)

(c)

Lower

(6)
0.0

0.842 . //97
10 1.282 f ,
25 1.751

50 2.052

100 2.327

(c) = 10

1 + .5 U
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FLOOD FREQUENCY ANALYSIS EXAMPLE No. 9-4

Station Name - Santa Cruz River near Lochiei, Arizona

Station Number - 09480000

Drainage Area - 82.2 square miles

Period of Record - 1949 through 1989

Flood Data

A continuous, 41 year systematic record is available, and the entire record

was used in the analysis. All annual floods are considered to be caused by rainfall.

There are no historic data. There are no zero flow years. The high and low floods

of record are 12,000 cfs (1978 and 1984) and 8 cfs (1962), respectively. Two

floods of 12,000 cfs in 1978 and 1984, are indicated in the records of the U.S.

Geological Survey as being the largest since 1926. The record is considered

stationary.

Flood Frequency Analysis

The high outlier limit is calculated at 35,600 cfs, and no high outliers are

identified. The low outlier limit is calculated at 50 cfs, and a low outlier is

identified for 1962 (8 cfs). Extraordinary floods are identified for 1978 and 1984

(12,000 cfs each) because these floods, from the systematic record, are known to

be larger than any flood since 1926, prior to the start of the systematic record.

The data set contains a low outlier and extraordinary floods. The effective

record length is the period 1926 through 1989 (N = 64). The length of the

systematic record is the period 1949 through 1989 (Nt = 41). There is one low

outlier (Z = 1), and the effective length of the systematic record is 40 years (Ns =

N, - 2 = 41 - 1 = 40). There are no historic data (h = 0), but there are two

extraordinary floods (e = 2); and, k = h - f e = 0 + 2 = 2. There are 40

systematic plus historic floods (Nfl = N, + h = 40 + 0 = 40). These parameters

are used in calculating the plotting positions.
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The annual flood peak discharges are plotted on the three probability papers

at their respective plotting positions. The extreme value (EV) graph does not show

a linear relation for the two largest floods. The log-extreme value (LEV) graph

indicates a concave down trend to the data. The log-normal (LN) graph indicates a

reasonably good linear fit for virtually all of the data. The two largest floods, being

at the same magnitude, makes it impossible for those two points to lie in a straight

line with the other data. The LN graph is clearly the best linear fit to the data, and

it represents the probability distribution of floods with return periods that are equal

to or longer than 2 years.

Confidence limits are set about the LN best fit line. The 40 largest floods (Ne

= 40) are used to establish the best fit line. The estimated 100-yr flood peak

discharge is 12,000 cfs with 90 percent upper and lower confidence limits of

19,200 cfs and 7,500 cfs, respectively.

Discussion

This example illustrates a flood frequency analysis for a data set containing a

low outlier and extraordinary floods. The effective length of record was extended

beyond the length of the systematic record. The LN graph is selected as the best

straight line fit to the data. This is an example of a clear choice of the best graph

paper to select. The data are nearly linear with little scatter about the line. The

range of the confidence limits is tight because all 40 data points are used to

establish the best fit line.
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286
GIU RIVER BASIN

09480000 SANTA C8UZ RIVES HEAR LOCHIEl, AZ

LOCATION.--Lai 3r21'19", long 110-35'20", in SW; sec.11, T.24 S., R.17 E. (insurveyed), Santa Cruz
Cotnty, Hydrologtc Unit 150S0301, on southern border of Spanish lend grant of San Rafael, near left
bank on downstream side of pier of bridge on county road, 1.7 mi iqastreara from international boundary
and 2.5 mi northeast of Lochiel.

DRAINAGE AREA.--S2.2 mi2.

REMARKS.*SawU diversions for irrigation of 200 acres above station, rnsstly by pushing frssi ground
water.

AKKMt PEAK DISCHARGE

HATER
YEAR

1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969

DATE

09-13-49
07-30-50
08-02-51
08-16-52
07-14-53
07-22-54
08-06-55
07-17-56
08-09-57
08-07-58
08-14-59
07-30-60
08-08-61
07-29-62
08-25-63
09-09-64
09-12-65
08-18-66
08-03-67
12-20-67
08-05-69

ANNUAL PEAK
DISCHARGE
(FT3/S)

1,650
4,520
2.560

550
3,320
1,570
4,300
1,360

688
380
243
625

1,120
7.6

2,390
2,330
4,810
1,780
1,870

986
484

YEAR

1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989

DATE

08-03-70
08-10-71
07-16-72
06-30-73
08-04-74
07-22-75
07-22-76
09-05-77
10-09-77
01-25-79
06-30-80
07-15-81
08-11-82
03-04-83
08-15-84
07-19-85
08-29-86
08-10-87
08-23-88
08-04-89

ANNUAL PEAK
DISCHARGE

(FT3/S)

880
2,830
2,070
1,490
1,730
3,330
3,540
1,130

M2,000
1,060

406
1,110
2,640
1,120

12,000
850

4,210
291
804

- 871

since 1926.

BASIN CHARACTERISTICS

MAIN
CHANNEL

SLOPE
(FT/MI)

STREAM
LENGTH

(MI)

MEAN
BASIN
ELEVA-

TION
(FT)

FORESTED
AREA

(PERCENT)
SOIL

INDEX

MEAN
ANNUAL

PRECIPI-
TATION

(IN)

RAINFALL INTENSITY, 24-HOtK

2-YEAR
(IH)

50-YEAR
( IN)

42.2 12.0 5,150 31.0 2.3 18.2 1.9 4.3
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GILA RIVER BASIS

09480000 SANTA CMS SIVER SEAS L0CHIEL, AZ—Continued

28,

MEAN MONTHLY AMD ANNUAL DISCHARGES 1950-89 •4AOJITUDE AMD PROBABILITY OF ANNUAL LOW FLOW
BASS) ON PERIOD OF RECORD 1950-89

WNTH
MXIHUN
CFTS/S)

NIKTW!
CFTS/S)

STAN-
BAfS)

BEVIA-
1HEAN TIM

CFTS/S) (F78/S)

COEFFI- PERCENT
CIEHT OF OF

VARI- AMNUAL
AT ION RUNOFF

OCTOBER
NOVEMBER
DECEMBER
JANUARY
FEBRUARY
MARCH
APRIL
MAY
JUNE
JULY
AUGUST
SEPTEMBER

77
6.8
18
47
18
34
5.2
2.8
2.8
69
187
44

AMiUAL

0.00
0.00
0.00
0.02
0.03
0.01
0.00
0.00
0.00
0.03
0.00
0.00

0.31

5.2
1.1
1.8
2.7
1.7
1.9
0.74
0.39
0.30
8.4

17
5.3

3.9

17
1.5
3.7
8.3
3.4
5.6
1.2
0.67
0.65

16
38
9.5

5.3

1.2
1.4
2.0
3.1
2.0
2.9
1.6
1.7
2.2
1.8
2.2
1.8

1.3

11.1
2.3
3.9
5.7
3.6
4.0
1.6
0.8
0.6

17.8
37.0
11.4

100

PERIOD
CCOM-
eepsi-«%£.toU
TIVE
DAYS)

1
3
7
14
30
60
90
120
183

DISCHARGE, IM FTs/Se FOR INDICATED
RECURRENCE INTERVAL, IK YEARS, AND
H« -EXCEEDANCE PROBABILITY, IN PERCENT

2
§0%

8.00
0.00
6.00
0.00
0.00
0.00
0.00
0.00
0.74

5
20%

0.08
0.00
0.00
0.00
0,00
0.00
0.00
0.00
0.21

10
1«

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10

20
5%

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.05

50
2%

0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.12
0.02

100}
w

0.00
0.00
0.00
0.00
0.00
0.06
0.10
0.41
0.01

MAGNITUDE AHD PROBABILITY OF INSTANTANEOUS PEAK FLQU
BASED ON PERIOD Of RECORD 1949-89

DISCHARGE, IN FTS/S, FOR INDICATED RECURRENCE INTERVAL
IN YEARS, AND EXCEEDANCE PROBABILITY, IN PERCENT

2
50%

5
20%

10
10%

25
4%

50
2%

100f
n

1,460 2,950 4,330 6,590 8,700 11,200

LIGHTED SKEW CLOGS)* 0.20
MEAN CLOGS)* 3.17
STANDARD DEV. (LOGS)* 0.35

MAGNITUDE AND PROBABILITY OF ANNUAL HIGH FLOW
BASED ON PERIOD OF RECORD 1950-89

PERIOD
(CON-

TIVE
DAYS)

1
3
7
15
30
60
90

DISCHARGE, IN FTS/S, FOR INDICATED
RECURRENCE INTERVAL, IN YEARS, AND
EXCEEDANCE PROBABILITY,

2
50%

170
75
38
22
14
8.7
6.3

5
20%

439
211
114
66
41
25
17

10
10%

661
343
196
115
72
43
30

25
4%

963
553
341
202
130
77
54

IN PERCENT

50
2%

1,190
735
4S2
290
190
114
80

IQOf
IX

1,410
937
651
398
267
161
114

DURATION TABLE OF DAILY KEAN FLOW FOR PERIOD OF RECORD 1950-89

DISCHARGE, IN FT3/S, UHICH MAS EQUALED OR EXCEEDED FOR INDICATED PERCENT OF TIME

5% 10% 15% 20% 30% 40% 50% 60% 70% 80% 90% 95% 98% 99% 99.5% 99.9%1%

59 9.1 4.3 2.5 1.6 0.95 0.64 0.45 0.30 0.20 0.10 0.00 0.00 0.00 0.00 0.00 0.00

f Reliability of values in eolun is uncertain, and potential errors are targe.
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name
Location/Station SArjTft.
Designer

TRACS No..
Date

Checker

FIGURE 9-2
FLOOD FREQUENCY ANALYSIS

DATA COMPILATION FORM Page _J__ of

Gage Station Name 5fifNT& £Ru~z, RlL/F/? /y <•/»?• J-^ckivI £z
Gage Static
Period of Sj

WATER
YEAR
(1)

\°( H9

4~0

5" I
Z2.

£3
£*
56"
SL
57
52
5*1
if 6
L>(

LI
iff "$

/ ^4*

LZ"
Li
LI
1.2

___L_±_

16
7 /

7 2.
73

n No. _j2_9<v 9 r> as>r> Drainage Area _S2-^L sq. mi.
'stematic Record

ANNUAL PEAK
DISCHARGE (cfe)

(2)

/ ($ *} £)

Li A *v ̂

j^jT6A
5"5"<D

_£3^c

/if? 6
H 30^3
/ 3^0
/ ^? 5^

3/5
5^3

^ 3f
11 26

?

S3f<5

3 33/5

*f ?;a
;-7g5

_Ll2Jl_™
^?<i

X/f^

S?6
^? 30

5 /570
/ ^70

/<9y 9 „ /<9f <?

DATE

(3)

is^Epr1^
?^ Jpi. ^"D

2/5yc-5"J

J^^^^^1̂  ~SuLJ£5>
32. To/ 5^
6 ft 06* &

n2i/L S(
"1 F\V(r- f7

7 Au<^ 5S
/f #y6- 5*9
j?6 J^t 65

S fla£ Li
5? T^L lr-3-

35" AtlCr* (, 3
9 ^ffTL'i
/3 5F/T i5'

/? Ao^- 46

_5_fiiZ^ 67
3d DE t 67
5* flut- {, **
3 «6>/J- 16

16 flv& 11
. i — ... ** »n
/6 J*/. 7.2
3£> Jti/i) 73

FLOOD a

TYPE
(4)

R

/?_

__JL™
___£___
__j^____

/f
&

#̂
(R

fl

^
^
1?
K
n

^
K̂
c

_^_A____
&
R
ft
ft

COMMENTS

(5)

a - rainfall (R), snowmeit (S), rain on snow (R/S), uncertain (U), other (X) - note in comments
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Project No.
Project Name
Location/Station
Designer JDTF1

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No.

n>
Checker

FLOOD FREQUENCY ANALYSIS
DATA COMPILATION FORM Page ~~__ of

WATER
YEAR

(D

ANNUAL PEAK
DISCHARGE (efs)

(2)

DATE

(3)

FLOOD
TYPE

(4)

COMMENTS

(5)

A.

J£L_Z£
" R

11 j_L2JL
22. &
/ d (, 0 &/»> 7?

10
1 1 0

£.
1 6 Fa

~l
fillC* U

ID

$71 fittfr

a - rasntaii (R), snowmelt (S), rain on snow (R7S), uncertain (U), other (X) - note in comments
FIGURE 9-2 Continued
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No. _____ _ ___ _ , _ _______ TRACS No. _ _
Project Name _____ _ ........... Date Zg_~ ~ ~ ~

Designer Drp _ , _ Cnecker

-?

~- 3

Qz

/_j ,3̂  Q
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROHXHC DESIGN DATA

Project No. _ _ ____________ THACS No. „_____________
Project Name _ : _ _____ Date ~2o
Location/Station ~ ~
Designer __ _-^— — Checker ,

^r e^

&/

hvee/Sj PF ~ ...... Q

r~
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No. __
Project Name
Location/Station
Designer firr

TRACS No.
Date ~2o AM

Checker

,

/

e. - -z.
M ~ -z.

= z

z r* -̂ 2 - z ~ 3,

7?=
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No. TRACS No.
Project Name
Location/Station _S^_^j^L___^fJSjL^m
Designer DTP

Date 2 V ^_vi^ 9 3.
tflUErZ n>-e**i~ L, O & h / ' e. 1 ./)%.-

Checker

FIGURE 9-3
FLOOD FREQUENCY ANALYSIS

PLOTTING POSITION CALCULATION FORM Page _J_ of.

Gage Station Name -5/9rvTP, C & u"2~
Gage Station No. __£> " ' ~ n
Period of Systematic Record 194.9

Drainage Area g^. .

Cheek if the data contains any of the following:

Mixed Population High Outliers

Zero Flow Year Low Outliers

Document the plotting position equation or data treatment on a separate sheet.

Broken Record
Historic or
Extraordinary Data

sq. mi.

FLOOD PEAK
DISCHARGE (cfs)

(D

/ ^ 0£>{)

/ -2, 66 0

^$16

m-3.0

^366
•f -^16
3£~*1-fi
3330
3336
2% 3&
a£**z>
25^6^
^*>7E>
333D
3.0 70
/ $7O
/*7 $b
J7BO

i(tJL®.
jr+o

RANK

(2)

/

P

' 3
*f
5"
6
7
?
9
/6
/ /
X2.
/ 3
y^
if
i(*
n
/<z

^^JA——.
36

PLOTTING POSmON

Pe (3)

<D. £/?#3
^.^?^a.2.
^.^V^"4/
/O. /97^5 2
A/#^-?
O.I 1^1
/}'/4?X"
fi >l L93
D.. / w/
Q.'ZIW
n.2¥B7
/) -ZLSfT
/) . 2<?3fT
0 -B/Z/
n.3^3?
rt.3C77
S).B 93V
n, V/7z
/9^V5^)
0- ^££?

Tr (4)

/a^
<vs~
2 S
/ W

//}-iT

*. ¥
*7./5
<<?

- <r./
^.6,
-*/./
3^
^.^i
3./

-2-1
2.11
2.5"^
^.^
^.26
^>,W
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ARIZONA DEPARTMENT OF. TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name
Location/Station ^jQdZ£TJ3^__£-&
Designer DT P

TRACS No.
Date 3. "-J

1 U "%. PfVPf? r»*3'- LO c- \-
Checker

J"c; f y -fa.
^i/ri. s A-z. •

FLOOD FREQUENCY ANALYSIS
PLOTTING POSITION CALCULATION FORM Page of

FLOOD' PEAK
DISCHARGE (cfs)

(D

RANK

(2)

PLOTTING POSITION

(3) Tr (4)

10 2.43

J 3
. 11

. 5" ?_3
. 6

O • ( <•_?

9 XL . / LS3L

_±2.

Ĵ 2. -Z_^f£2_
33 -2*7

a .

t> .

-
2V-3

FIGURE 9-3 Continued
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name
Location/Station j
Designer #77?

TRACS No. _
Date"

^
Checker

FIGURE 9-10
FLOOD FREQUENCY ANALYSIS

WORK SHEET FOR LOG-NORMAL CONFIDENCE LIMITS

Gage Station Name
Gage Station No.

Confidence Level (C.L) =

Q = 2-yr cfs 100-C.L
100

Q = 100-yr foam cfs

T= log10(Q2_yr) « Iog10

\r\ri f°\ \f\f\ •
'10 W100-yr ~ IuyiO=

2.327 2.327

T
Years

(1)

2

5

10

25

50

100

"'-;
(2)

0.0

0.842

1.282

1.751

2,052

2.327

YT (a)

(3)

3'l&>*>

-3^4733

3 .&5?/

3.SW3

3.9&W
y.oycft

ST (b)

(4)

O.okvs
O.O75O

nGftio
n.in-zia
n -//3k
o.XMI

Limits (c)

Upper

(5)

7773
3 /̂7*4'

fj"?<;sr

/0,30(*

M. 757

/Q,-2i9Z.

Lower

(6)

{Oe)'7

'T&ffi
57^

^737

fjriTJ

"TfCfi

(a)
= 10
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CHAPTER 10

INDIRECT METHODS FOR DISCHARGE VERIFICATION

10.1 INTRODUCTION

10.1.1 General Discussion

The estimation of peak discharges by analytic methods (the Rational Method or by

rainfall-runoff modeling (HEC-1 program)} is based on various assumptions, and in

the case of HEC-1 modeling, requires the correct input of numerous model input.

Therefore, the resulting peak discharges that are computed by analytic methods

should always be verified, to the extent possible, to guard against erroneous design

discharges that can result from questionable assumptions and/or faulty model input.

Since the majority of discharge estimates are made for ungaged watersheds,

usually only indirect methods can be used to check the discharge estimates

obtained from either the Rational Method or rainfall-runoff modeling. When the

watershed is gaged, or is near a gaging station, a flood frequency analysis can be

performed and the results of that analysis can be used for design or used to check

the results from analytic methods. The results of flood frequency analyses,

because of variability of flooding in both the time and space regime, and because

of uncertainties in the data and the analytic procedures, should also be checked by

indirect methods.

True verification of design discharges cannot be made by any of the methods

(analytic methods, flood frequency analyses, or indirect methods) because for none

of these methods is there "absolute assurance" that the discharges that are

obtained are the "true" representations of the flood discharge for a given frequency

of flooding. However, the results of the various methods, when compared against

each other and when qualitatively evaluated, can provide a basis for either

acceptance or rejection of specific estimates of design discharges for watersheds

in Arizona.

MARCH 1993 10-1



In this chapter, three indirect methods are presented for "verifying" flood discharges

that are obtained by either analytic methods or by flood frequency analyser

Results by either analytic methods or flood frequency analysis should always bt

compared and evaluated by indirect methods. There may be cases, for certain

watersheds, where the flood discharges by all three methods (analytic, flood

frequency analysis, and indirect) can be obtained and compared prior to making a

selection of design discharge.

10.2 PROCEDURE

10.2.1 General Considerations

Three procedures are provided for obtaining indirect estimates of peak discharges

for watersheds in Arizona:

1. A graph of numerous unit peak discharge versus drainage area curves,

2. Five graphs of estimated 100-year discharges and maximum recorded

discharges versus drainage area for gaged watersheds in Arizona, and

3. Regression equations and data graphs for seven flood regions in Arizona.

In general, all three procedures should be used when verifying the results of

analytic methods and/or flood frequency analyses.

10.2.2 indirect Method No. 1 - Unit Peak Discharge Curves

Figure 10-1 presents 10 unit peak discharge relations and envelope curves. A

brief description of each of those curves follows:

A - An envelope curve, based on a compilation of unusual flood discharges in

the United States and abroad (data prior to 1941), by Craeger and others

(1945).

B - An envelope curve of extreme floods in Arizona and the Rocky Mountain

region developed by Matthai and published by Roeske (1978).
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C - A 100-year peak discharge relation developed for Arizona from an analysis

byMalvick(1980).

D - An envelope curve of peak streamflow data developed for Arizona by

Malvick(1980).

E - An envelope curve of peak streamflow data for the Little Colorado River

basin in Northern Arizona developed by Crippen (1982).

F - An envelope curve of peak streamflow data for Central and Southern

Arizona developed by Crippen (1982).

G - A 100-year peak discharge relation for Southeastern Arizona developed by

Eychaner (1984).

H - A 100-year peak discharge envelope curve for Southeastern Arizona

developed by Boughton and others (1987).

I - An envelope curve of the largest floods in the semi-arid Western United

States developed by Costa (1987).

J - An envelope curve of peak discharges for Arizona, Nevada and New Mexico

developed by the U.S. Army Corps of Engineers (1988).

When using Figure 10-1, it must be noted that the curves represent different data

sets for different hydrologic regions. Seven of the curves represent envelopes of

maximum observed flood discharges (Curves A, B, D, E, F, I and J), one is a 100-

year discharge envelope (Curve H), and two are 100-year discharge relations

(Curves C and G). The curves of most interest in evaluating 100-year peak

discharges for Arizona are C, G, and H.
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FIGURE 10-1

PEAK DISCHARGE RELATIONS AND ENVELOPE CURVES

0.1 1 10 100

Drainage Area, in square miles

1000 10,000
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10.2.3 Indirect Method No. 2 - USGS Data for Arizona

The U.S. Geological Survey (USGS) provides streamflow and statistical data for 138

continuous-record streamflow-gaging stations and 176 partial-record gaging stations

in Arizona (Garrett and Geilenbeck, 1 991 ). The streamflow data were analyzed by the

USGS by Log-Pearson Type 3 (LP3) analyses and flood magnitude-frequency statistics

are provided in the report along with the maximum recorded discharge for each of the

stations. Figure 10-2 is a plot of the 100-year peak discharge (from LP3 analyses)

and the maximum recorded discharge for each gaging station versus drainage area

(for stations with drainage areas smaller than 2,000 square miles). Lines were fit to

the two data sets by least-squares of the log-transformed data. The equation for the

100-year peak discharge (Q100) line is:

Q100 « 850 A54 (10-1)

and, the equation for the maximum recorded discharge (QM) is:

2 (10-2)

where A is in square miles in both equations.

The discharge relations for Curves C-Roeske, G-Eychaner, and H-Boughton (converted

to discharge rather than unit discharge) are also shown in Figure 10-2.

As an aid to using Figure 10-2, that figure is reproduced with larger drainage area

scales in Figures 10-3 through 10-6. Those larger scale plots of the data also show

75 percent tolerance limit lines about the 100-year discharge line (Equation 10-1). The

tolerance limits are a statistical measure of the spread of the data about that line.

A listing of the data that was used to produce Figures 10-2 through 10-6 is shown in

Table 10-1. This table includes USGS streamflow-gaging station numbers, the

associated drainage areas, the 100-year flood peak discharge estimates by LP3, and

the maximum recorded peak discharges. Watershed characteristics for each of these

gaging stations is provided in the USGS report (Garrett and Geilenbeck, 1991). Maps

of Arizona showing the locations of the gaging stations for this data compilation are

shown in Figures 10-7 and 10-8.
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FIGURE 10-2

100-YEAR PEAK DISCHARGE BY LP3 ANALYSIS (LP3 Q100) AND
MAXIMUM RECORDED DISCHARGE (QM RECORD) vs. DRAINAGE AREA

FOR 0.1 TO 2000 SQUARE MILES

O
O
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FIGURE 10-3

100-YEAR PEAK DISCHARGE BY LP3 ANALYSIS (LP3 Q100) AND
MAXIMUM RECORDED DISCHARGE (QM RECORD) vs. DRAINAGE AREA

FOR 0.1 TO 2.0 SQUARE MILES
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FIGURE 10-4

100-YEAR PEAK DISCHARGE BY LP3 ANALYSIS (LP3 Q100) AND
MAXIMUM RECORDED DISCHARGE (QM RECORD) vs. DRAINAGE AREA

FOR 1 TO 20 SQUARE MILES
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FIGURE 10-5

100-YEAR PEAK DISCHARGE BY LP3 ANALYSIS (LP3 Q100) AND
MAXIMUM RECORDED DISCHARGE (QM RECORD) vs. DRAINAGE AREA

FOR 10 TO 200 SQUARE MILES
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FIGURE 10-6

100-YEAR PEAK DISCHARGE BY LP3 ANALYSIS (LP3 Q100) AND
MAXIMUM RECORDED DISCHARGE (QM RECORD) vs. DRAINAGE AREA

FOR 100 TO 2,000 SQUARE MILES
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TABLE 10-1

USGS DATA LISTING FOR WATERSHEDS WITH DRAINAGE
AREAS BETWEEN .1 AND 2,000 SQUARE MILES
(ORDERED BY INCREASING DRAINAGE AREA)

Drainage
Area

0.20
0.24
0.30
0.32
0.35
0.37
044
0.45
0.46
0.51
0.64
0.54
0.65
0.66
0.75
0.76
0.77
0.79
0.79
0.81
0.83
0.85
0.90
0.95
0.95
0.96
1.07
1.15
1.17
1.22
1.23
1.28
1.37
1.38
1.49
1.61
1.70
1.75
1.78
1.84
1.87
1.98
1.99
1.99
2.04
2.06
2.08
2.11
2.15
2.18
2.30
2.40
2.41
Z43
2.43
2.44
2.55
2.56
2.60
2.71

Gage*
404310
384200
429510
400200
385800
478600
520110
487140
483040
479200
505900
424700
536350
498600
503740
536100
428545
401245
471600
482330
468300
504100
520300
512420
483010
379980
512700
504400
483042
396400
419590
395100
379060
379100
520230
489080
424430
512200
400560
427700
400680
429150
520400
424410
483200
400660
483250
483030
485950
520160
482950
472400
400740
483025
519600
487400
496300
429400
510170
471700

LP3
Q100

237
116
346
1520
672
417
327
987
627
431
619
993
413
348
220
589
296
419
385
560
1690
561
710
2910
1210
2850
1730
1430
842
1150
1080
345
301
5880
2130
87

2610
3220
770
1640
413
1270
3930
1090
793
111
2870
7390
1090
1620
2390
6960
293
3360
1670
1300
2850
131
950
2270

QM
Record

117
101
165
383
326
280
240
520
238
262
180
250
191
265
84
173
84
290
375
337
640
500
510
800
820
200
1200
705
600
743
470
140
227
2060
590
70

1310
670
383
320
135
580
1590
353
430
73

1900
2420
705
1800
1590
3200
183
1500
1430
715
1260
98
402
950

Drainage
Area

Z72
2.79
2.85
2.94
3.15
3.18
3.28
3.42
3.53
3.54
3.57
3.63
3.83
4.37
4.49
4.58
4.72
4.79
4.93
5.22
5.25
5.52
5,57
5.57
5.88
6.01
6.31
6.44
6.44
6.45
6.46
6.95
7.24
7.27
7.85
8.02
8.11
8J20
8.47
8.70
9.30
9.58
9.80
10.30
11.10
11.60
11.90
12.10
12.80
12.90
13.50
14.10
14.50
14.60
14.70
14.80
14.90
15.00
15.20
15.60

Gage*
485500
517200
403800
482480
404350
403930
400910
505600
483045
383020
400530
473200
404050
473600
510100
510070
520130
507700
485900
392800
470900
400700
515800
400580
379560
502700
516600
498900
507600
400565
484510
424480
482410
415050
400100
472100
400650
483000
423760
520100
400290
485570
510080
481700
513820
444100
487100
520200
488600
519780
424407
484580
503750
428550
423900
489200
503720
456400
510180
478200

LP3
Q100

1920
1240
7350
4460
18400
708
182
573
2260
913
387
7490
449
1460
2670
5530
2380
2480
652
4030
2140
326
7450
2220
3530
6250
5330
4070
8600
2150
329
4250
1020
5300
2320
4410
748
4890
4590
5220
3030
7460
8030
2540
6070
667
4400
1490
3340
27600
3130
4480
9820
6170
5290
426
3860
4640
5790
5710

QM
Record

1210
720
1950
3000
3800
151
87
210
1470
1610
253
3700
190
1570
1940
1700
1670
1220
460
530
1460
262
860
2600
2340
480
2900
2820
2800
1130
260
4000
898
250
1630
4340
401
5000
869
1530
890
4000
3480
1200
1850
342

13800
940
1400
4430
1000
1900
4100
2920
1030
323
1080
2550
1900
3500
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TABLE 10-1

USGS DATA LISTING FOR WATERSHEDS WITH DRAINAGE
AREAS BETWEEN .1 AND 2,000 SQUARE MILES
(ORDERED BY INCREASING DRAINAGE AREA)

(Continued)

Drainage
Area

16.00
16.30
16.90
23.00
24.30
24.60
26.50
27.90

29.10
31.30
35.20
35.50
36.30
36.40
38.10
38.40
38.80

40.20
43.00
44.80
47.80
48.00
49.60

50.50

51.00
52.30
62.10
64.60
67.30

68.60
68.80
78.20
79.10
80.70
8Z20

83.30
83.30

85.20
101.00
102.00
111.00
116.00

119.00
121.00
122.00
124.00

137.00
139.00
142.00
143.00
144.00
149.00
164.00
176.00
185.00

200.00

203.00
209.00

219.00
225.00

Gage*
371100
484200
383600
482400
501300
505300
482420
397800
383400
423780
467120

484000
503000
508300
489070
484570
492400
490800
483100
485000
517400
505250
400300
484590

400600
510150
497900
513860
513780
390500
519750
491000
537200
379030
480000
513800
383500
517280

403000
445500

505200
519760
489700
512300
498870
503800

516800
512100

505350
424200
478500
446000
510200
481750
513835

497980
496000

481500
484500

494300

LP3
Q100

izstT"""
1850
485
1900
13900

6290
2310
1070

822
892
6910

10400
7310
18500
1420
15400
1700
535

12300
17100
4560
10900
2320
9340
861

42700
25300
31000
34600
11600
12600
2280
9880
4970
11200
37500
1100

6910

4970
4620
16100
11400
6040

20000
35400
6890

32900
16800

38200
11700
46100
10000
51400
17100
41800
27000

33200
15100

29100
11300

QM
Record

1356
1400
236
2900
7500
4000
1270

666
615
715
3200
7730
6660
6830
1070
27000
2700
510
8600
9660
3640
10500
1580

6860
240

16100
7290

11500
18600
3880
2670
2310
4600
3100
12000
19500
700
4550

4400
3710
10900
3150
4510
12400
44400
2300

6840

21000
26600

7000
42900
7500
24200
16000
14600

15700

10900
16000

12700
10000

Drainage
Area
241.00
243.00
250.00
255.00
271.00
289.00
295.00
315.00

317.00
317.00
323.00

328.00
355.00
370.00
377.00
417.00
420.00
430.00
439.00
456.00
457.00
465.00
493.00

506.00
533.00
537.00
560.00
569.00

579.00
585.00
602.00
613.00
621.00
632.00

675.00
737.00

776.00
781.00

787.00
796.00
814.00
846.00
880.00
918.00

1023.00
1026.00

1028.00

1110.00

1128.00
1170.00
1232.00
1250.00
1410.00
1439.00
1470.00
1629.00

1682.00
1730.00
178ZOO

Gage*
505800
520170
486300
502800
397500
484560
497800
489100

513890
398500

513910
507980

504500
404340
446500
515500
514200
498800
496500
388400
484600
486800
395900

444200

480500
473000
489499
535100
401220
512500
485500

447000
399000
494000
499000
470500

487000
398000

423820
516500
456000
393500
513970
486000
537500
468500
403780

512800
424900

487250
490500
535300
382000
425500
517000
401260

482000
471550

488500

LP3
Q100
3OOOO
11800
23900
29200
41000
18500
21800

20500
75100
31100

471OO
52800

43700
25300
24600
43000
7840
95500
36400
10100
35000
23600
11200

52300

23600
28200
24500
15200
30200
31700
22600
34200
60900
17600
101000
21500
19500
33800

21200
43900

8660
17900
49000
27700
5750
54500

7140

182000

37900
12500
97900
7250
20200
69600
49200
17300
365OO

28000
29000

QM
Record
22400
8030
17000
14800
19800
20000
22200
14000
38000
19700

38000
23500

26400
49000
30000
58000
6300
38000
23000
16000
38000
22000
7680
30000

31000
70800
17900
12500
10400

33100
20000
36400
50000
14600
61400
22000
19100
16100

13000
47500
5350
25000
29300
29700
5060
40600
15000

85000
23100

32000
50000
10400
16100
33600
39000
10100

45000
24200
53100

MARCH 1993 10-12



FIGURE 10-7

LOCATION OF CONTINUOUS-GAGIMG STATIONS

(From Garret! and Geilenbeck, 1991)

J^ GAGING STATION AND ABBREVIATED
*""* NUMBER—Complete number as given

in the repon is 09426000
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FIGURE 10-8

LOCATION OF CREST-STAGE GAGES

(From Garrett and Gellenbeck, 1991)

EXPLANATION
GAGING STATION AND ABBREVIAT

NUMBER—Comoieie numoer as given
in :ne repori is 09400530
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10.2.4 Indirect Method No. 3 - Regional Regression Equations

An analysis was performed of streamfiow data for a study area comprised of

Arizona, Nevada, Utah, and parts of New Mexico, Colorado, Wyoming, Texas,

Idaho, Oregon, and California (written •communication from B. E. Thomas, H. W.

Hjalmarson, and S. D. Waltemeyer, 1992). That analysis resulted in 16 sets of

regional regression equations for the study area. Seven of the regions are in

Arizona. These regional regression equations can be used to estimate flood

magnitude-frequencies for watersheds in Arizona.

Figure 10-9 is used to determine if the watershed is in one of the six regions (R8,

R10, R11, R12, R13, or R14) in Arizona.

For each of the seven regions, regression equations are provided to estimate flood

peak discharges for frequencies of 2-, 5-, 10-, 25-, 50-, and 100-years. Use of the

regression equations is recommended onĵ  if the values of the independent

variables for the watershed of interest are within the range of the data base used

to derive the specific regression equation. For this purpose, scatter diagrams of the

values of the independent variables for each set of regression equations are

provided. To use a specific regression equation, the values of the independent

variables should plot within the "cloud of common values" for the data points.

The regional regression equations are functions of drainage area and usually one

other independent variable. The abbreviation for each of the variables used in the

equations for Arizona and the method for measuring the variable, are defined as

follows:

1. AREA is the drainage area, in square miles, and is determined by

planimetering the contributing drainage area on the largest scale

topographic map available.
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2. ELEV is the mean basin elevation, in thousands of feet above mean sea

ieve!, and is determined by placing a transparent grid over the largest scalr

topographic map available. The elevation at each grid intersection within

the drainage-area boundary is determined and elevations are averaged.

The grid size should be selected so that at least 20 elevation points are

sampled in the basin. As many as 100 points may be needed for large

basins.

3. PREC is the normal annual precipitation, in inches, for 1931 through 1960

(Figure 10-10). Usually PREC can be selected from Figure 10-10 at the

centroid of the watershed area. For large watersheds, PREC should be

determined from Figure 10-10 by a grid-sampling method as used for

determining ELEV.

4. EVAP is the mean annual free water-surface evaporation, in inches

(Famsworth and others, 1982), (Figure 10-11). The EVAP value at the

study-site location is used, not the value at the centroid of the watershed

area or the grid-sampled average value for the watershed.

Also provided for each set of regression equations are graphs of the 100-year

(LP3) flood peak discharge versus drainage area A line depicting the relation

between the 100-year peak discharge (computed from the regional regression

equation) and drainage area is shown on each of those graphs.
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For each defined flood region in Arizona, the flood magnitude-frequency regression

equation is shown in a table. The table, corresponding independent variable

scatter diagram, and 100-year peak discharge versus drainage area graph for each

region in Arizona are listed below:

Region Table No. for Figure No. for Figure No. for
regression independent variable 100-year peak
equations scatter diagram discharge vs area graph

1 10-2 10-12 10-13
8 10-3 10-14 10-15

10 10-4 10-16 10-17

11 10-5 10-18 10-19

12 10-6 10-20 10-21

13 10-7 NA 10-22
14 10-8 10-23 10-24
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FIGURE 10-9

FLOOD REGIONS IN ARIZONA

113 112°

36

50 100 KILOMETERS

BOUNDARY OF FLOOD
REGIONS

11 FLOOD-REGION NUMBER

EXPLANATION

INTERSTATE HIGHWAY
U S HIGHWAY
STATE HIGHWAY
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* Sialion relation defined
A Station relation undefined

MARCH 1993 10-18



FIGURE 10-10

MEAN ANNUAL PRECIPITATION (PREC), 1931-60

65 Mean Annual Precipitation, in inches
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FIGURE 10-11

MEAN ANNUAL EVAPORATION (EVAP)

55— Mean Annual Evaporation, in inches
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TABLE 10-2

FLOOD MAGNITUDE-FREQUENCY RELATIONS FOR THE HIGH ELEVATION REGION (R1)

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in

square miles; and PREC, mean annual precipitation, in inches.

Recurrence
interval,
In years

2

5

10

25

50

100

Equation

Q = 0.124 AREA a845 PREC 1-"

Q = 0.629 AREA °-807 PREC 1-12

Q = 1.43 AREA0'786 PREC0-958

Q = 3.08 AREA a768 PREC a811

Q = 4.75 AREA a758 PREC a732

Q = 6.78 AREA a750 PREC °'668

Average standard
error of model,

in percent

59

51

47

45

45

45
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FIGURE 10-12

SCATTER DIAGRAM OF INDEPENDENT VARIABLES FOR R1 REGRESSION EQUATIC'

50

"5 40

co

in 30ou

D_ _

1 E 20

§.£

c
o
CD

10

0

Cloud of
Common Values

I ; i i.ml -i ! i T t i nl i—i. l- l l,,l,111 I ,, 1 , 1 1 I,,I i

0.1 1 10 100 1000 10,000

Drainage Area, in square miles

FIGURE 10-13

Q100 DATA POINTS AND 100-YEAR PEAK DISCHARGE RELATION FOR R1
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TABLE 10-3

FLOOD MAGNITUDE-FREQUENCY RELATIONS
FOR THE FOUR CORNERS REGION (R8)

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in

square miles; and ELEV, mean basin elevation, in feet divided by 1,000.

I

Recurrence
interval,
in years

2

5

10

25

50

100

Equation

Q = 598 AREA °'501 ELEV -1'02

Q = 2,620 AREA °'449 ELEV A2B

Q = 5,310 AREA °'425 ELEV '1-40

Q = 10,500 AREA a403 ELEV '1-49

Q = 16,000 AREA °-390 ELEV -1'54

Q = 23,300 AREA °'377 ELEV "1-59

Average standard
error of model,

in percent

70

60

55

52

51

51
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FiGURE 10-14

SCATTER DIAGRAM OF INDEPEMDENT VARIABLES FOR R8 REGRESSION EQUATIO'
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FIGURE 10-15

Q100 DATA POINTS AND 100-YEAR PEAK DISCHARGE RELATION FOR R8
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TABLE 10-4

FLOOD MAGNITUDE-FREQUENCY RELATIONS FOR
THE SOUTHERN GREAT BASIN REGION (R10)

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area is square

miles; and PREC, mean annual precipitation, in inches.

Recurrence
interval.
In years

2

5

10

25

50

100

Equation

Q = 12 AREA0'58

Q = 85 AREA °'59

Q = 200 AREA a62

Q = 400 AREA a65

Q = 590 AREA a67

Q= 150 AREA0'70 PREC0'84

Estimated Average
standard error of

regression,
m fog units

1.140

.602

.675

.949

.928

1.200
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FIGURE 10-16

SCATTER DIAGRAM OF INDEPENDENT VARIABLES FOR R10 REGRESSION EQUATIC

c
o

Q.
"o
CD

l
I c

C
D

50

40

30

20

10 -

0
0.1

Cloud of
Common Values

1 10 100 1000

Drainage Area, in square miles

10,000

FIGURE 10-17

CLno DATA POINTS AND 100-YEAR PEAK DISCHARGE RELATION FOR R10
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TABLE 10-5

FLOOD MAGNITUDE-FREQUENCY RELATIONS FOR
THE NORTHEAST ARIZONA REGION (R11)

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area in square

miles; and EVAP, mean annual evaporation, in inches.

Recurrence
Intervaf,
in years

2

5

10

25

50

100

Equation

Q = 26 AREA °'62

Q = 130 AREA0'56

Q = 0.10 AREA °'52 EVAP 2'°

Q = 0.17 AREA °'52 EVAP 2'°

Q = 0.24 AREA a54 EVAP 2'°

Q = 0.27 AREA °'58 EVAP 2'°

Estimated Average
standard error of

regression,
In log units

.609

.309

.296

.191

.294

.863
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FIGURE 10-18

SCATTER DIAGRAM OF INDEPENDENT VARIABLES
FOR R11 REGRESSION EQUATION
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FIGURE 10-19

Q100 DATA POINTS AND 100-YEAR PEAK DISCHARGE RELATION FOR R11
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TABLE 10-6

FLOOD MAGNITUDE-FREQUENCY RELATIONS FOR
THE CENTRAL ARIZONA REGION (R12)

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in

square miies; and ELEV, mean basin elevation, in feet divided by 1,000.

Recurrence
interval,
in years

2

5

10

25

50

100

Equation

Q = 41.1 AREA0"629

Q = 238 AREA °'687 ELEV -0-358

Q = 479 AREA °-661 ELEV -0-398

Q = 942 AREA0'630 ELEV0-383

LOG Q = 7.36 - 4.17 AREA -°m - 0.440 LOG ELEV

LOG Q = 6.55 - 3.17 AREA -°'11 - 0.454 LOG ELEV

Average standard
error of model,

In percent

102

64

47

34

30

31
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FIGURE 10-20

SCATTER DIAGRAM OF INDEPENDENT VARIABLES FOR R12 REGRESSION EQUATION

c

O

_

LU 0)
Q)

12,000

10,000

8,000

6,000

'55 4,000
o £

CO
c 2,000 h
o

0

1 ' ' ""I ' ' ' ' ""1

Cloud of
Common Values

0.1 1 10 100 1000 10,000

Drainage Area, in square miles

FIGURE 10-21

Q100 DATA POINTS AMD 100-YEAR PEAK DISCHARGE RELATION FOR R12
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TABLE 10-7

FLOOD MAGNITUDE-FREQUENCY RELATIONS FOR
THE SOUTHERN ARIZONA REGION (R13)

Equations: Q, peak discharge, in cubic feet per second; and AREA, drainage area, in

square miles.

Recurrence
interval,
in years

2

5

10

25

50

100

Equation

LOG Q = 6.38 - 4.29 AREA "°-06

LOG Q = 5.78 - 3.31 AREA "ao8

LOG Q = 5.68 - 3.02 AREA •°-09

LOG Q = 5.64 - 2.78 AREA -°-10

LOG Q = 5.57 - 2.59 AREA "a11

LOG Q = 5.52 - 2.42 AREA "a12

Average standard
error of model.

In percent

55

38

35

37

41

46
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FIGURE 10-22

Q100 DATA POINTS AND 100-YEAR PEAK DISCHARGE RELATION FOR R13
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TABLE 10-8

FLOOD MAGNITUDE-FREQUENCY RELATIONS FOR
THE UPPER GILA BASIN REGION (R14)

Equation: Q, peak discharge, in cubic feet per second; AREA, drainage area, in

square miles; and ELEV, mean basin elevation, in feet divided by 1,000.

Recurrence
Interval,
in years

2

5

10

25

50

100

Equation

Q = 899 AREA °"614 ELEV '1-60

Q = 1,210 AREA °-563 ELEV -1-17

0 = 1,210 AREA0"533 ELEV0-858

Q = 581 AREA °"462

Q = 779 AREA °'462

0=1,010 AREA0'463

Average standard
error of model,

in percent

69

59

59

58

58

60
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FIGURE 10-23

SCATTER DIAGRAM OF INDEPENDENT VARIABLES FOR R14 REGRESSION EQUATION
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FIGURE 10-24

DATA POIMTS AND 100-YEAR PEAK DISCHARGE RELATION FOR R14
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10.2.5 Applications and Limitations

The three indirect methods can be applied to any watershed in Arizona, gaged or

ungaged. Limitations exist for the use of the Regional Regression Equations based

on vaiues of the watershed characteristics as compared to the values of watershed

characteristics that were used to derive these regional regression equations. The

interpretation and evaluation of the results of these methods must be conducted

with awareness of several factors.

1. It must be noted that these are empirical methods and the results are only

applicable to watersheds that are hydroiogically similar to the data base

used to derive the particular method. Refer to the independent variable

scatter diagrams when using the Regional Regression Equations.

2. The majority of the data in all three of these methods are for undeveloped

watersheds. Urbanized watersheds can have significantly higher discharges

than the results that are predicted by any of these methods.

3. These methods (other than envelope curves) produce discharge values that

are statistically based averages for watersheds in the data base. Conditions

can exist in any watershed that would produce flood discharges, either

larger than or smaller than, those indicated by these methods. Watershed

characteristics that should be considered when comparing the results of

indirect methods to results by analytic methods and/or flood frequency

analysis are:

a. the occurrence and extent of rock outcrop in the watershed,

b. watershed slopes that are either exceptionally flat or steep,

c. soil and vegetation conditions that are conducive to low rainfall

losses, such as clay soils, thin soil horizons underlain by rock or clay

layers, denuded watersheds (forest and range fires), and disturbed

land.

d. soil and vegetation conditions that are conducive to hjah rainfall

losses, such as sandy soil, volcanic cinder, forest duff, tilled

agricultural land, and irrigated turf.
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e. land-use, especially urbanization, but also mining, large scale

construction activity, timber harvesting, and over-grazing.

f. transmission losses that may occur in the watercourses,

g. the existence of distributary flow areas, and

h. upstream water regulation or diversion.

10.3 INSTRUCTIONS

The following instructions should be followed for verifying peak discharges that are

derived by either analytic methods (Rational Method or rainfall-runoff modeling) or

flood frequency analyses (collectively these are called primary peak discharge

estimates in the Instructions) with peak discharges that are developed by indirect

methods (called secondary peak discharge estimates).

A. Compute Primary Peak Discharge:

1. The primary peak discharge will be calculated by either the Rational

Method, rainfall-runoff modeling (HEC-1), or flood frequency analysis

according to procedures contained within this Manual.

B. Verification with Unit Peak Discharge Curves:

1. For a given watershed of drainage area (A), in square miles, divide

the 100-year primary peak discharge estimate by A. -

2. Plot the unit peak discharge from Step B. 1 on a copy of Figure 10-1.

Note the location of the plotted point in relation to the various curves

in that figure. Particular attention should be given to Curves C, G,

andH.

3. Tabulate the primary unit peak discharge estimate and the

secondary unit peak discharge estimates from curves C, G, and H.

C. Verification with USGS Data for Arizona:

1. Calculate the 100-year secondary peak discharge estimate by

Equation 10-1.
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2. Select Figure 10-3 through 10-6 according to watershed drainage

area size, and plot the 100-year primary peak discharge estimate on

a copy of that figure.

3. Using watershed drainage area size as a guide, identify gaged

watersheds of the same approximate size from Table 10-1.

Tabulate peak discharge statistics, maximum recorded peak

discharges, and watershed characteristics for those gaged

watersheds by using the USGS report (Garrett and Gellenbeck,

1991). Compare these to the primary peak discharge estimates and

watershed characteristics for the watershed of interest.

D. Verification with Regional Regression Equations:

1. Calculate the average watershed elevation (ELEV).

2. Determine whether the watershed is in the High Elevation Region

(R1)'(mean basin elevation above 7,500 feet). If the watershed is in

R1, proceed to Step D.3. If the watershed is not in R1, determine

the flood region (Figure 10-9), and then proceed to Step D.3.

3. Depending on the flood region, calculate the applicable values of the

independent variables for the watershed, i.e., AREA, ELEV, PREC,

and EVAP.

PREC is determined using a grid-sample average of values for the

watershed (Figure 10-10).

EVAP is determined for the study-site location (Figure 10-11).
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4. Check the values of the independent variables using the appropriate

scatter diagram to determine if the values of the variables are in the

"cloud of common values." (Proceed with the analysis regardless oi

the outcome, but clearly note if the variable values are not within the

"cloud of common values.")

5. Calculate the secondary peak discharge estimates using the

applicable regression equations for the flood region within which the

project site is located.

6. Plot the 100-year primary peak discharge estimate on a copy of the

appropriate Q100 data points and 100-year peak discharge relation

graph (Rgures 10-13,10-15, etc.)

7. Tabulate the primary and secondary peak discharge estimates from

this method.

E. For all three indirect Methods:

1. Quantitatively and qualitatively analyze the results of the primary and

the secondary peak discharge estimates. Address watershed

characteristics that may explain differences between the primary and

secondary estimates.

2. Prepare a summary of results by all methods and a qualitative

evaluation of the results.
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GLOSSARY

annual flood - The maximum instantaneous peak discharge in each year of record.

annual flood series - A sequence of annual floods.

attenuate - To reduce the flood peak discharge and lengthen the time base of the flood
wave.

basefSow - Discharge in a river prior to the onset of direct runoff from a rainfall event

bed form - The irregularities of the channel bed that are larger than the largest bed material
particles.

bed load - Fluvial material moving on or near the bed of the watercourse.

bed material - Fluvial material that exists in appreciable quantities in the bed of the
watercourse.

broken record - A systematic record which is divided into separate continuous segments
because of discontinuation of recording for a year or longer.

concentration point - A physical location in a watershed where all surface runoff must pass
to exit the watershed.

direct runoff - The same as rainfall excess.

distribution - Function describing the frequency with which random events of various
magnitudes occur.

drainage area - The total area contributing to surface runoff at a point of interest (flow
concentration point).

duration - Used either as the length of time for rainfall, such as a 6-hour storm, or as length
of time for rainfall excess, such as used to specify the duration of rainfall excess for
a unit hydrograph.

effective impervious area - The portion of a land area, expressed in percent of total land
area, that will drain directly to the outlet of the drainage area without flowing over
pervious area. This is often called directly connected impervious area.

exceedance probability - Probability that a flood discharge will exceed a specified
magnitude in a given time period, usually one year unless otherwise indicated.

frequency - The measure of the probability of occurrence or exceedance of a flood
magnitude in a number of observations.
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historic data - Record of major floods which occurred either before or after the period of
systematic data collection.

homogeneity - Records from the same population.

hydrograph - A continuous plot of instantaneous discharge versus time.

hydrologic soli group - A classification system developed by the SCS to place soiis into
one of four groups based on runoff potential.

impervious area - The portion of a land area, expressed in percent of total land area, that
has a negligible infiltration rate. Impervious area can be natural, such as rock outcrop
and the surface of permanent water bodies; or man-made, such as paved areas,
roofs, and so forth.

incomplete record - A streamflow record in which some peak flows are missing because
they were too low or high to measure, or the gage was out of operation for a short
period because of flooding, instrument malfunction, or similar reason.

Infiltration - The rate of movement, in inches per hour, of rainfall from the land surface into
and through the surface soil.

initial abstraction - The accumulative loss, due to all mechanisms, of all rainfall from the
start of rainfall to the point in time when surface runoff begins. This is equivalent to
the initial loss (STRTL) in the IL+ULR method.

outlier - Outliers (extreme events) are data points which depart from the trend of the rest of
data.

percolation - The rate of movement, in inches per hour, of water through the underlying soil
or geologic strata subsequent to infiltration.

physiography - The physical geography of a watershed.

population - The entire (usually infinite) number of data from which a sample is taken or
collected. The total number of past, present, and future floods at a location on a river
is the population of floods for that location even if the floods are not measured or
recorded. The frequency distribution of the population defines the underlying
probability model from which the sample of annual floods arise.

rainfall excess - The equivalent uniform depth of runoff, in inches, that drains from the land
surface. Rainfall excess equals rainfall minus rainfall losses.

rainfall losses - The sum of rainfall that is lost to surface runoff due to interception,
depression storage, evaporation, infiltration, and other mechanisms. Rainfall loss is
expressed as an equivalent uniform depth, in inches.

reach - A relatively short length of channel or watercourse.
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record length - The number of years of record.

return period - The average number of years between occurrences of a hydroiogical event
of a given or greater magnitude. In an annual flood series, the average number of
years in which a flood of a given size is exceeded as an annual maximum.

routing - A procedure by which an inflow hydrograph is modified by the effects of flow
resistance and storage to simulate an outflow hydrograph from the system.

soil - The layer of inorganic particulate matter covering the earth's surface. It can and does
contain organic matter and often supports vegetation. For the purpose of estimating
rainfall losses, only the upper horizon (generally about the top 6 inches of soil) will be
considered. Underlying soil horizons or other strata will generally not affect rainfall
losses in Arizona for storms of 100 year magnitude or less.

soil texture - The classification of soil into groups according to percentage of sand, silt, and
clay, as used by the U.S. Department of Agriculture (Figure 3-1).

sand - Soil composed of particles in the 0.05 mm to 2.0 mm size range.

silt - Soil composed of particles in the 0.002 mm to 0.05 mm size range.

clay - Soil composed of particles smaller than 0.002 mm.

stationarity - The statistical properties of the annual flood series do not change with time.

storage coefficient - A Clark unit hydrograph parameter that relates the effects of direct
runoff storage on the watershed to unit hydrograph shape.

subarea - A portion of a drainage area or subbasin that is delineated according to a physical
feature such as soil texture or land-use.

subbasin - A portion of a drainage area that is determined according to the internal surface
drainage pattern, A drainage area can often be divided into subbasins for modeling
purposes.

surface retention Soss - The depth of rainfall loss, in inches, due to all factors other than
infiltration.

systematic record - Data from a stream gaging station for which flood discharges are
systematically observed and recorded.

time of concentration - The travel time, during the corresponding period of most intense
rainfall excess, for a floodwave to travel from the hydraulically most distant point in
the watershed to the point of interest (concentration point).

topography - The surface features of a watershed.

MARCH 1993 A-3



unit hydrograph - The hydrograph of one inch of direct runoff from a storm of a specified
duration for a particular watershed.

vegetation cover - The percentage of land surface that is covered by vegetation. Vegetation
cover is evaluated on plant basal area for grasses and forbs, and on canopy cover
for trees and shrubs.

water year - The water accounting year; in the U.S., from 1 October through 30 September.
The year specified is the calendar year for January of the period.

watercourse - An overland flow path that is defined by topography; such as a river, stream,
channel, ditch, wash, swale, etc.

watershed - The area within definable boundaries where all direct runoff drains to a common
outlet.
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ESTIMATION OF VEGETATION COVER

An estimate of percent vegetation cover is needed when selecting the Rational Method runoff

coefficient (C) from Figures 2-4 through 2-8, and for adjusting the XKSAT value with the

Green and Ampt infiltration equation (Rgure 3-2). The following information is provided to

assist in the estimation of percent vegetation cover.

1. The percent vegetation cover is the percent of the land surface that is covered by

vegetation. Vegetation cover is evaluated on plant basal area for grasses and forbs

(broad leaf plants that are generally called flowers and weeds), and on canopy cover

for trees and shrubs. Vegetation litter, if significant, should be considered as

vegetation cover.

2. Vegetation types in Arizona, that basically affect the runoff process, are often divided

into the following groups:

Desert Brush: includes such plants a mesquite, creosote bush, black bush, catclaw,

cactus, etc. - desert brush is typical of lower elevations and low annual rainfall.

Herbaceous: includes short desert grasses with some brush, herbaceous is typical

of intermediate elevations and higher annual rainfall than desert areas.

Mountain Brush: mountain brush mixtures of oak, aspen, mountain mahogany,

manzanita, bitter brush, maple, etc. - mountain brush is typical of intermediate

elevations and generally higher annual rainfall than herbaceous areas.

Juniper-Grass: juniper areas mixed with varying grass cover that is generally heavier

than desert grasses due to higher annual precipitation - typical of higher elevations.

Ponderosa Pine: ponderosa pine forests typical of high elevations and high annuai

precipitation - found along the Mogollon Rim, the Kaibab Plateau, the White

Mountains, etc.
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3. If one-half or more of the drainage area has a given vegetation type consider all the

drainage area as having that vegetation type. If the vegetative type appears about

equally divided among all types of hydrologic cover, consider it all as herbaceous as

this results in average values.

4. The Soil Conservation Service determines vegetation cover density by field surveys

of carefully selected locations within the drainage area. However, for highway

drainage design where runoff from numerous small drainage areas is to be

determined, an approximation of the vegetative cover based on visual observation will

be adequate.

Three broad ranges of vegetative cover density have been established.

Poor 0 - 20% vegetative cover

Fair 20% - 40% vegetative cover

Good 40%+ vegetative cover

Some representative values for vegetative cover densities have been determined and

are shown in the following photographs:
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•Photo 1

•Location:
Vegetation Type:
Cover Density:
Soil Group:

Highway 89 near Congress
Desert Brush
10%, Poor
C

Photo 2

Location:
Vegetation Type;
Cover Density:
Soil Group:

Hualapai Mtns. near Yucca
Desert Brush
30%, Fair
D

NOTE: Vegetative cover density greater than 40% for
desert brush is not found in Arizona.



30

(D
<O
CO

Photo 3 Location: 1-40 near Seligman
Vegetation Type: Herbaceous
Cover Density: 15%, Poor
Soil Group: c

Photo 4 Location: County Road near Wagoner
Vegetation Type: Mountain Brush
Cover Density: Z4%, Fair
Soil Group: D

PhotoS Location: Highway 89 near Wi lho i t
Vegetation Type: Mountain Brush
Cover Density: 75%, Good
Soil Group: D



b#'V'^-^yi;Jw*1- - " . • • , ' i ,••"*-

Photo 6

Location:
Vegetation Type:
Cover Density:
Soil Group:

1-40 near Ash fo rk
Juniper-Grass
Z9%, Fair
C

Photo 7

Location:
Vegetation Type;
Cover Density:
Soil Group:

1-17 near Stonernan Lake
Juniper-Grass
63%, Good
B



The vegetative cover densities shown in Photos 1-7 have been deter-
mined in the following manner:

1) An area representing the typical vegetative cover density for the
drainage area is selected.

2) A 100 foot chain is stretched out between two posts, approximately
3 ft. above ground level.

3) The intercepts of the vegetative cover along the 100 ft. length are
noted.

4) The total distances covered by vegetation and litter along the 100
ft. lengthare stimrnedup and represent the percent of vegetative cover
for the selected area.

5) Several determinations may have to be made to compute the aver-
age percent of cover for the drainage area.

The following sketch illustrates the field procedure:

< f c _ . ..

Vegetative
Cover = . 1 + .05+4,5+.! + . 15+. 1+2.1 + .1+.25+. 1 + . 1+18.5+1.0+.l-K 15+7.0-f.45
Density = 34. 85%
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Project No.
Project Name
Location/Station
Designer

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No..
Date

Checker

Sheet 1 of 4
RAINFALL DEPTH-DURATION-FREQUENCY (D-D-F) WORKSHEET

Determine rainfall depths from the isopluvial maps (Appendix B):

2-year, 6-hour
2-year, 24-hour
100-year, 6-hour
100-year, 24-hour

Poe-

100,6'

^ 00,24'

Compute the following:

2-year, 1-hour

100-year, 1-hour

2-year, 2-hour

2-year, 3-hour

2-year, 12-hour

100-year, 2-hour

100-year, 3-hour

100-year, 12-hour

942 (Pf> c/) Q^LO / \^

(P*.*) ( )

4Q4 A. 100,6 / _ AQA j. -'55 ( )

(̂ 100,24') ( )

.569(P26.) + .431(P21.) = .569( ) + .431( )

.500(P26,)-f-.500(P2£4,} = .500{ ) + .500( )

•341(P1006.) -f .659(P1001.) = .341 ( ) + .659( )

•500(P1006,) H- .500(P10024.) = .500( ) + .500( )

P-r•

'100 1' = .-—

P

Po 3- =

°21J>* =

'100 3' =

1̂00,12' =

Note: 5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc.
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Sheet 2 of 4
RAINFALL DEPTH-DURATION-FREQUENCY (D-D-F) WORKSHEET

(Continued)

PARTC

Determine the short-duration rainfall zone (Figure 1-1):

Zone =

Determine the short-duration rainfall ratios (Table 1-1):

Compute the following:

Duration
(Minutes)

5

10

15

30

Ratio

2-Year

A =

B =

C =

D =

100-Year

E =

F =

G =

H =

2-year, 5-min

2-year, 10-rnin

2-year, 1 5-min

2-year, 30-min

100-year, 5-min

100-year, 10-min

100-year, 1 5-min

100-year, 30-min

(A)(P2t1.) =(

(E) (Pioo.r) - (

(G) (P10o,r) = (

(H) (P100,r) = (

) ( )

) ( )

)( )

)( )

)( )

)( )

) { )

)( )

2̂,10-

p

P2.30'

P! 00.5"

PIOO.IO"

PlOO,15"

PI 00,30" =

Note: 5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc.
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Sheet 3 of 4
RAINFALL DEPTH-DURAT10N-FREQUENCY (D-D-F) WORKSHEET

(Continued)

For any flood frequency (T-yr) other than 2-year or 100-year, calculate the rainfall depth for each rainfall
duration (f) by the following equation:

where X and Y for a selected frequency (T-yr) are:

Frequency
(T-yr)

5-year
10-year
25-year
50-year
500-year

X

.674

.496

.293

.146
-.337

Y

.278

.449

.669

.835
1.381

Selected frequency (T-yr) =

5-min

10-min

1 5-min

30-min

1-hour

2-hour

3-hour

6-hour

12-hour

24-hour

(X)(P2>5.) + (Y)(P100i5.) = ( )( ) + { )( )

(X)(PO<C.) + r^ifp^^^.) -( )( ) + { )i }Wv 2,15V V ' A1 100,15 ' V A l ~ \ A /

IY\ID \ , fVWD \ f \l \ , / M \Wv 2.30"/ •*" v';(^i oo,3ov = ( X ) •*• ( ){ )

(xup«<() + ry)fp ) -( v } 4- ( \( }V/vAr2,1 / ^ \ ' A'100,1 1 » A l*\ A /

(X)fP««,) + fYWP^o««.) -( \( ) + ( }( }V^l\'r2^.i V '/V r lOO^/ V A / ^ V l\ 1

(XXP23,)-f(YXP1003-) -{ )( ) + ( )( }

fXKPo«..) + (YWP-~»^ =( W ) + ( )( }\y»Ar2,6/ \ A 100,6' V /V / ^ \ l\ 1

' ,10"

P_15-

P_30'

P___r

P_ '̂

P_j3.

P 6.

P_12,

P ,24-

,

-

Note: 5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc.
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Sheet 4 of 4
RAINFALL DEPTH-DURATION-FREQUENCY (D-D-F) WORKSHEET

(Continued)

Tabulate the rainfall Depth-Duration-Frequency statistics below:

Duration

5-min.

10-min.*

1 5-min.

30-min.*

1-hour

2-hour

3-hour

6-hour

12-hour

24-hour

Rainfall Depth, In Inches
Frequency, In Years

2 5 10 25 50 100 500

* - Note: 10-min. and 30-min. values are not coded into the PH record.
5" denotes 5 minutes, etc.; 1* denotes 1 hour, etc.
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ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name _
Location/Station
Designer

TRACS No..
Date

Checker

RAINFALL INTENSFTY-DURATION-FREQUENCY (I-D-F) WORKSHEET

Divide each rainfall depth from the D-D-F Worksheet (Figure 1-2 Part E) by each corresponding duration, in
hours, and tabulate below:

Duration

5-min.

10-min.

15-min.

30-min.

1-hour

2-hour

3-hour

6-hour

12-hour

24-hour

Rainfall Intensity, In Inches/Hour
Frequency, in Years

2 5 10 25 50 100 500

Note: 5" denotes 5 minutes, etc.; 1' denotes 1 hour, etc.

D-5



ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name
Location/Station
Designer

TRACS No.,
Date

Checker

FLOOD FREQUENCY ANALYSIS
DATA COMPILATION FORM Page _J__ of.

Gage Station Name
Gage Station No. Drainage Area, _sq. mi.
Period of Systematic Record

WATER
YEAR
(D

ANNUAL PEAK
DISCHARGE (cfs)

(2)

DATE

(3)

FLOOD„
TYPE

W

COMMENTS

(5)

a - rainfall (R), snowmelt (S), rain on snow (R/S), uncertain (U), other (X) • note In comments

D-6



ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name
Location/Station
Designer

TRACS No..
Date

Checker

FLOOD FREQUENCY ANALYSIS
DATA COMPILATION FORM Page of

WATER
YEAR
d)

a - rainiali (ft

ANNUAL PEAK
DISCHARGE (efs)

(2)

DATE

(3)

FLOOD 8

TYPE
(4)

COMMENTS

(5)

, snowmelt (S), rain on snow (R/S), uncertain (U), other (X) - note in comments

D-7



Project No.
Project Name _
Location/Station
Designer

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No..
Date

Checker

FLOOD FREQUENCY ANALYSIS
PLOTTING POSITION CALCULATION FORM Page _j__ of.

Gage Station Name
Gage Station No. __ Drainage Area, _sq. mi.
Period of Systematic Record

Check if the data contains any of the following:

Mixed Population High Outliers

Zero Flow Year _____ Low Outliers

Document the plotting position equation or data treatment on a separate sheet.

Broken Record
Historic or
Extraordinary Data

FLOOD PEAK
DISCHARGE (cfs)

(1)

RANK

(2)

PLOTTING POSITION

(3) (4)

D-8



Project No.
Project Name
Location/Station
Designer

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No.
Date

Checker

FLOOD FREQUENCY ANALYSIS
PLOTTING POSITION CALCULATION FORM Page of

FLOOD PEAK
DISCHARGE (cfs)

(1)

RANK

(2)

PLOTTING POSITION

(3) (4)
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Project No.
Project Name
Location/Station
Designer

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No.
Date

Checker

Gage Station Name
Gage Station No. __

FLOOD FREQUENCY AMALYSIS
WORK SHEET FOR LOG-NORIVfAL CONFIDENCE LIMITS

Confidence Level (C.L) =

Q = 2-yr cfs CC =
100-C.L___

Q = 100-yr CfS

= 'Og10 (Q2-yr) = !°9lO ( )

'°9lO Qioo-yr ~ !°9lO ^2-yr Io9l0

2.327
- '0910

2.327

N„ =

T
Years

(1)

2

5

10

25

50

100

"<-;
(2)

0.0

0.842

1.282

1.751

2.052

2.327

YT (a)

(3)

ST (b)

(4)

Limits (c)

Upper

(5)

Lower

(6)

(a)

(b)

VT = T * £ / , _ , S/r

"1
5

(c) QL = 10
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Project No.
Project Name
Location/Station
Designer

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No.
Date

Checker

FLOOD FREQUENCY ANALYSIS
WORK SHEET FOR EXTREME VALUE CONFIDENCE LIMITS

Gage Station Name
Gage Station No.

Confidence Level (C.L.) =

2-yr

Q = 100-yr

cfs

cfs

<x = 100-gL

100

A =
4.2336 4.2336

B = Q2_yr - .3665/1 = ( ) - .3665 ( )

13 = B + .5772/4 = ( ) + .5772 ( )

^ _ ( )Jev
_ _

.7797

_

.7797

T
Years (1)

2

S

10

25

50

100

K
(2)

-.1643

.7195

1.3046

2.0438

2.5923

3.1367

Z (a)
(3)

.9179

1.5458

2.0878

2.8149

3.3684

3.9240

ST (is)
(4)

QT (c)
(5)

Lin

Upper (6)

lits ^d^

Lower (7)

(a)

(b)

Z= (1.0 + 1.1396K +

ST = S. ( Z

(c)

(d)

= 13 ev

D-ll



Project No.
Project Name
Location/Station
Designer

ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

TRACS No.
Date

Checker

FLOOD FREQUEMCY ANALYSIS
WORK FOR LOG-EXTREWE VALUE

Gage Station Name
Gage Station No.

Confidence Level (C.L) =

Q = 2-yr

100-yr

cfs

cfs

JOO-OL
100

'0910 Q2-yr _

4.2336

B = Iog10 Qi.p - .3665,4 = Iog10(

T = B + .5772A = ( ) + .5772 (

4.2336

) - .3665(

)

q _ A _ ( )

'"" .7797 .7797

T
Years (1)

2

5

10

25

50

100

K
(2)

-.1643

.7195

1.3046

2.0438

2.5923

3.1367

Z (a)
(3)

.9179

1.5458

2.0878

2.8149

3.3684

3.9240

ST (b)
(4)

YT (C)
(5)

Lin

Upper (6)

pits (d)

Lower (7)

(a)

(b)

Z= (1.0 + 1.1396/C+ 1.1
(c)

- °/ev

N,

= T

Q L =10

Vev

D-12



ARIZONA DEPARTMENT OF TRANSPORTATION
HYDROLOGIC DESIGN DATA

Project No.
Project Name ___
Location/Station
Designer

TRACS No. _
Date

Checker
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